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engineers’ handbook and basic textbooks on the elements and principles of chemical 
engineering, on industrial applications of chemical synthesis, on materials of construction 
on plant design, on chemical engineering economics. Broadly outlined, too, were plans 
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_ From this prophetic beginning has since come the McGraw-Hill Series in Chemical 
Engineering, which now numbers more than forty books. More are always in preparation 
to meet the ever growing needs of chemical engineers in education and in industry. In 
the aggregate these books represent the work of literally hundreds of authors, editors 
and collaborators. But no small measure of credit is due the pioneering members of 
the original committee and those engineering educators and industrialists who have 


succeeded them in the task of building a permanent literature for the chemical engineerin 
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PREFACE 


The principles involved in the design of chemical plants and equipment 
are an essential part of chemical engineering. An understanding of these 
principles is a prerequisite for any successful chemical engineer, no matter 
whether his final position is in direct design work or in production, admin- 
istration, sales, research, development, or any other related field. 

The expression plant design immediately connotes industrial applications; 
consequently, the dollar sign must always be kept in mind when carrying 
out the design of a plant. The theoretical and practical aspects are im- 
portant, of course; but, in the final analysis, the answer to the question 
“Will we realize a profit from this venture?” almost always determines 
the true value of the design. The chemical engineer, therefore, should 
consider plant design and applied economics as one combined subject. 

The purpose of this book is to present economic and design principles 
as applied in chemical engineering processes and operations. No attempt 
is made to train the reader as a skilled economist, and, obviously, it would 
be impossible to present all the possible ramifications involved in the mul- 
titude of different plant designs. Instead, the goal has been to give a clear 
concept of the important principles and general methods. The subject 
matter and manner of presentation are such that the book should be of 
value to advanced chemical engineering undergraduates, graduate students, 
and practicing engineers. The information should also be of interest to 
administrators, operation supervisors, and research or development workers 
in the process industries. 

The first part of the text deals with applied economics, with particular 
emphasis on economics in the process industries and in design work. The 
various costs involved in industrial processes, capital investments and 
investment returns, cost estimation, cost accounting, optimum economic 
design methods, and other subjects dealing with economics are covered 
both qualitatively and quantitatively. The remainder of the book deals 
with methods and important factors in the design of plants and equip- 
ment. Generalized subjects, such as waste disposal, structural design, and 
equipment fabrication, are included along with design methods for dif- 
ferent types of process equipment. Basic cost data and cost correlations 
are also presented for use in making cost estimates. - 

vil 
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[llustrative examples and sample problems are used extensively in the 
text to illustrate the applications of the principles to practical situations. 
Problems are included at the ends of most of the chapters to give the reader 
4 chance to test himself as to his understanding of the material. 

To simplify use of the cost data givenin this book, all cost figures are 
presented for the date of Jan. 1, 1957. The construction cost index, as 
compiled by the Engineering News-Record, was used for converting all costs 
to the uniform basis. Since exact prices can be obtained only by direct 
quotations from manufacturers, caution should be exercised in the use of 
the data for other than approximate cost estimation purposes. 

The book would be suitable for use in a one- or two-semester course 
for advanced undergraduate or graduate chemical engineers. It is assumed 
that the reader has a background in stoichiometry, thermodynamics, unit 
operations, and chemical technology as taught in the ordinary under- 
graduate programs in chemical engineering. Detailed explanations of the 
development of various design equations and methods are presented. The 
purpose of this is to show the reader the philosophy of design and to elimi- 
nate the concept that design is primarily number plugging in empirical 
equations. 

Although nomographs, simplified equations, and shortcut methods are 
included, every effort has been made to indicate the theoretical background 
and assumptions for these relationships. The true value of plant design 
and economics for the chemical engineer is not found merely in the ability 
to put numbers in an equation and solve for a final answer. The true value 
is found in obtaining an understanding of the reasons why a given calcu- 
lation method gives a satisfactory result. This understanding gives the 
engineer the confidence and ability necessary to proceed on his own when 
he encounters new problems for which there are no predetermined methods 
of solution. Thus, throughout the study of plant design and economies, 
the engineer should always attempt to understand the assumptions and 
theoretical factors involved in the various calculation procedures, and he 
should never allow himself to fall into the habit of robot-like number plug- 
ging. 

Because applied economics and plant design deal with practical appli- 
cations of chemical engineering principles, a study of these subjects offers 
an ideal way for tying together the entire field of chemical engineering. 
The final result of a plant design may be expressed in dollars and cents, 
but this result can only be achieved through the application of various 
theoretical principles combined with industrial and practical knowledge. 
Both theory and practice are emphasized in this book, and aspects of all 
phases of chemical engineering are included. 

If the chemical engineer is to obtain the maximum benefit from this 
text, he must be prepared to make a concentrated study of the theories 
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underlying economic and design principles. In this way, the applications 
will have a broad significance and the reader can obtain the over-all per- 
spective required of a true chemical engineer. 

The author is indebted to the many industrial firms and individuals 
who have supplied information and comments on the material presented 
in this book. In particular, the author wishes to express his appreciation 
to Robert B. Beckmann, Cecil H. Chilton, Harry G. Drickamer, John C. 
Garver, Thomas J. Hanratty, Julian C. Smith, and James W. Westwater 
for their constructive criticism and their many helpful suggestions. 


Max §S. PETERS 
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INTRODUCTION 


The value of a chemical engineer is determined by his ability to apply 
basic principles, facts, and methods in order to accomplish some useful 
purpose. In this modern age of industrial competition, the ultimate defini- 
tion of a useful purpose can almost always be expressed on a tangible profit 
basis of dollars and cents. It is not sufficient, therefore, for a chemical 
engineer merely to have a knowledge and understanding of physics, chemis- 
try, mathematics, mechanics, stoichiometry, thermodynamics, the unit 
operations, chemical technology, and other related scientific subjects; he 
must also have the ability to apply this knowledge to practical situations, 
and, in making these applications, he must recognize the importance of the 
dollar sign. 

Plant design requires the use of engineering principles and theories com- 
bined with a practical realization of the limits imposed by industrial condi- 
tions. The development of a plant-design project involves a wide variety 
of talents. Research, market analyses, design of individual pieces of equip- 
ment, plant-location surveys, and many other problems are involved in 
the design of industrial plants. 

Although the chemical engineer must understand the principles related 
to the various design phases, the individual parts of the design are of little 
benefit until they are combined to give one complete unit. The complete 
plant, the complete unit—here is the design engineer’s goal. However, 
one major qualification must be added before the goal is attained. This is 
the qualification that the operation must be able to proceed economically. 
The design may be theoretically perfect and the final plant may be able to 
operate exactly as predicted, but this is of no value if it is impossible to 
make any profit with the proposed process. Thus, applied economics is an 
integral and essential part of plant design.* The design engineer must con- 
sider costs, investments, return on investments, and similar economic fac- 

*To an engineer, the term economics (or, more properly, applied economics) refers 
to the analysis of all factors affecting costs and profits in industrial ventures. The re- 
lated definition of economics, as interpreted by economists, is “the science that investi- 
gates the conditions and laws affecting the production, distribution, and consumption 
of wealth.” 
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tors constantly from the time the initial project survey starts until the final 
plant is completed and in efficient operation. 


TEAMWORK AND THE OVER-ALL DESIGN PROJECT 


As used in this book, the general term plant design includes all the en- 
gineering aspects involved in the development of a new industrial plant. 
Thus, the so-called “design engineer’’ refers to the engineer who may be 
making economic evaluations of new processes, designing individual pieces 
of equipment for a proposed plant, or developing a plant layout for coordi- 
nation of the over-all operation. In many instances, the term process 
engineering is used in connection with economic evaluation and general 
economic analyses of industrial processes, while process design refers to the 
actual design of the equipment and facilities necessary for carrying out the 
process. Similarly, the meaning of plant design is limited by some en- 
gineers to items related directly to the complete plant, such as plant lay- 
out, general service facilities, and plant location. 

The purpose of this book is to present the major aspects of plant design 
as related to the over-all design project. Although one man cannot be an 
expert in all the phases involved in plant design, he should be acquainted 
with the general problems and approach in each of the phases. The process 
engineer may not be connected directly with the final detailed design of the 
equipment, and the designer of the equipment may have little influence on 
a decision by management as to whether or not a given return on an invest- 
ment is adequate to justify construction of a complete plant. Neverthe- 
less, if the over-all design project is to be successful, close teamwork is 
necessary among the various groups of engineers working on the different 
phases of the project. The most effective teamwork and coordination of 
efforts are obtained when each of the engineers in the specialized groups is 
aware of the many functions in the over-all design project. 


DEVELOPMENT OF THE DESIGN PROJECT 


Many different steps are involved in the development of a design proj- 
ect. The first step must be the origination of the basic idea. This idea 
may occur spontaneously to someone who is acquainted with the aims and 
needs of a particular concern, or it may be the result of an orderly research 
program or an offshoot of such a program. Sometimes the idea for a design 
project may occur through a customer contact. The customer indicates a 
need for a special product as, for example, a solvent having a certain com- 
bination of properties. If the prospect sounds sufficiently promising, a 
research program and, ultimately, a complete design project may be 
launched to determine the advisability of producing the particular product. 
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Occasionally, the original idea may come from an accidental discovery, 
such as a broken thermometer leading to the discovery of the catalytic 
effect of mercury in an important chemical reaction. 

If the initial analysis indicates that the idea may have possibilities of 
developing into a worthwhile project, a preliminary research or investiga- 
tion program is initiated. Here, a general survey of the possibilities for a 
successful process is made considering the physical and chemical operations 
involved as well as the economic aspects. Next comes the process-research 
phase including preliminary market surveys, laboratory-scale experiments, 
and production of research samples of the final product. When the poten- 
tialities of the process are fairly well established, the project is ready for 
the development phase. At this point, a pilot plant or a commercial- 
development plant may be constructed. A pilot plant is a small-scale 
replica of the full-scale final plant, while a commercial-development plant 
is usually made from odd pieces of equipment which are already available 
and is not meant to duplicate the exact setup to be used in the full-scale 
plant. 

Design data and other process information are obtained during the de- 
velopment stage. This information is used as the basis for carrying out 
the additional phases of the design project. A complete market analysis 
is made, and samples of the final product are sent to prospective customers 
to determine if the grade is satisfactory and if there is a reasonable sales 
potential. Capital-cost estimates for the proposed plant are made. Proba- 
ble returns on the required investment are determined, and a complete cost- 
and-profit analysis of the process is developed. 

If the economic picture is still satisfactory, the final process-design phase 
is ready to begin. All the design details are worked out in this phase in- 
cluding controls, services, piping layouts, firm price quotations, specifica- 
tions and designs for individual pieces of equipment, and all the other 
design information necessary for the construction of the final plant. A 
complete construction design is then made with elevation drawings, plant- 
layout arrangements, and other information required for the actual con- 
struction of the plant. The final stage consists of procurement of the 
equipment, construction of the plant, start-up of the plant, over-all im- 
provements in the operation, and development of standard operating pro- 
cedures to give the best possible results. 

The development of a design project proceeds in a logical, organized 
sequence requiring more and more time, effort, and expenditure as one 
phase leads into the next. It is extremely important, therefore, to stop 
and analyze the situation carefully before proceeding with each subsequent 
phase. Many projects are discarded as soon as the preliminary investiga- 
tion or research on the original idea is completed. The design engineer 
must maintain a realistic and practical attitude in advancing through the 
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various stages of a design project. He must not be swayed by his own 
personal interests and desires when he decides if further work on a par- 
ticular project is justifiable. Remember, if the design engineer’s work is 
continued on through the various phases of a design project, it will even- 
tually end up in a proposal that money be invested in the process. If no 
tangible return can be realized from the investment, the proposal will be 
turned down. Therefore, the engineer should have the ability to eliminate 
unprofitable ventures before the design project approaches a final-proposal 
stage. 


OPTIMUM DESIGN 


In almost every case encountered by a design engineer, there are several 
alternative methods which can be used for any given process or operation. 
For example, formaldehyde can be produced by catalytic dehydrogenation 
of methanol, by controlled oxidation of natural gas, or by direct reaction 
between CO and Hy under special conditions of catalyst, temperature, and 
pressure. Each of these processes contains many possible alternatives in- 
volving variables such as gas-mixture composition, temperature, pressure, 
and choice of catalyst. It is the duty of the design engineer to choose the 
best process and to incorporate into his design the equipment and methods 
which will give the best results. 

It is easy to say we want the ‘‘best process” or the ‘‘best results,”’ but it 
is necessary to analyze the meaning of these expressions. The design en- 
gineer ordinarily prefers to replace the word “best”? by ‘‘optimum”’ and 
then add a designating qualification such as optimum economic design or 
optimum operation design. 

Optimum Economic Design. If there are two or more methods for 
obtaining exactly equivalent final results, the preferred method would be 
the one involving the least total cost. This is the basis of an optimum 
economic design. One typical example of an optimum economic design is 
determining the pipe diameter to use when pumping a given amount of 
fluid from one point to another. Here the same final result (ie., a set 
amount of fluid pumped between two given points) can be accomplished 
by using an infinite number of different pipe diameters. However, an eco- 
nomic balance will show that one particular pipe diameter gives the least 
total cost. The total cost includes the cost for pumping the liquid and the 
cost (i.e., fixed charges) for the installed piping system. 

A graphical representation showing the meaning of an optimum eco- 
nomic pipe diameter is presented in Fig. 1-1.. As shown in this figure, the 
pumping cost Increases with decreased size of pipe diameter because of 
frictional effects, while the fixed charges for the pipeline become lower when 
smaller pipe diameters are used because of the reduced capital investment. 
lhe optimum economic diameter is found where the sum of the pumping 


INTRODUCTION 5 


costs and fixed costs for the pipeline becomes a minimum, since this repre- 
sents the point of least total cost. In Fig. 1-1, this point is represented by E. 

The design engineer often selects a final design on the basis of conditions 
giving the least total cost. In many cases, however, alternative designs 
do not give final products or results that are exactly equivalent. It then 
becomes necessary to consider the quality of the product or the operation 


Total cost 


Fixed charges based 
on capital investment 
for installed pipe 


Cost, dollars /(year) (foot of pipe length) 


Cost for pumping power 


Optimum economic 
pipe diameter 





0 = le 
Pipe diameter 


Fig. 1-1. Determination of optimum economic pipe diameter for constant mass- 
throughput rate. 


as well as the total cost. When the engineer speaks of an optimum eco- 
nomic design, he ordinarily means the cheapest one out of a number of 
equivalent designs. 

Other types of optimum economic requirements are sometimes encoun- 
tered by design engineers. For example, it may be desirable to choose a 
design which gives the maximum profit per unit of time or the minimum 
total cost per unit of production. 

Optimum Operation Design. Many processes require definite condi- 
tions of temperature, pressure, contact time, or other variables if the best 
results are to be obtained. It is often possible to make a partial separation 
of these optimum conditions from direct economic considerations. In cases 
of this type, the best design is designated as the optimum operation design. 
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The design engineer should remember, however, that economic considera- 
tions ultimately determine most quantitative decisions. Thus, the opti- 
mum operation design is usually merely a tool or step in the development 
of an optimum economic design. 

An excellent example of an optimum operation design is the determina- 
tion of operating conditions for the catalytic oxidation of sulfur dioxide to 
sulfur trioxide. Suppose that all the variables, such as converter size, gas 
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Fra. 1-2. Determination of optimum operation temperature in sulfur dioxide converter. 


rate, catalyst activity, and entering-gas concentration, are fixed and the 
only possible variable is the temperature at which the oxidation occurs. 
If the temperature is too high, the yield of SO3 will be low because the 
equilibrium between SO3, SOs, and Oz is shifted in the direction of SOs 
and Os. On the other hand, if the temperature is too low, the yield will 
be poor because the reaction rate between SOz and Oz will be low. Thus 
there must be one temperature where the amount of sulfur trioxide formed 
will be a maximum. This particular temperature would give the optimum 
operation design. Figure 1-2 presents a graphical method for determining 
the optimum operation temperature for the sulfur dioxide converter in rie 
example. Line AB represents the maximum yields obtainable when the 
reaction rate is controlling, while line CD indic 
on the basis of equilibrium conditions controllin 
optimum operation temperature where the maxi 


ates the maximum yields 
g. Point O represents the 
mum yield is obtained. 
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The preceding example is a simplified case of what a design engineer 
would encounter. In reality, it would usually be necessary to consider 
various converter sizes and operation with a series of different tempera- 
tures in order to arrive at the optimum operation design. Under these con- 
ditions, several equivalent designs would apply, and the final decision 
would be based on the optimum economic conditions for the equivalent 
designs. 


PRACTICAL CONSIDERATIONS IN DESIGN 


The design engineer must never lose sight of the practical limitations 
involved in the applications of his work. It may be possible to determine 
an exact pipe diameter for an optimum economic design, but this does not 
mean that this exact size must be used in the final design. Suppose the 
optimum diameter were 3.43 in. It would be impractical to have a special 
pipe fabricated with an inside diameter of 3.43 in. Instead, the engineer 
would choose a standard pipe size which could be purchased at regular 
market prices. In this case, the recommended pipe size would probably 
be standard 3\%-in.-diameter pipe having an inside diameter of 3.55 in. 

If the design engineer happened to be very conscientious and worried 
constantly about getting an adequate return on all investments, he might 
say, “A standard 3-in.-diameter pipe would require less investment and 
would probably only increase the total cost slightly; therefore, I think we 
should compare the costs with a 3-in. pipe to the costs with the 3)-in. 
pipe before making a final decision.” Theoretically, the conscientious en- 
gineer is correct in this case. Suppose the total cost of the installed 34-in. 
pipe is $5000 and the total cost of the installed 3-in. pipe is $4500. If the 
total yearly savings on power and fixed charges, using the 3)4-in. pipe 
instead of the 3-in. pipe, were $25, the yearly per cent return on the extra 
$500 investment would be only 5 per cenit. Since it should be possible to 
invest money in other interests to give more than a 5 per cent return, it 
would appear that the 3-in.-diameter pipe would be preferred over the 
314-in.-diameter pipe. 

The logic presented in the preceding example is perfectly sound. It isa 
typical example of investment comparison and should be understood by 
all design engineers. However, the engineer must be practical in develop- 
ing a design. Even though the optimum economic diameter was 3.43 in., 
the good design engineer knows that this diameter is only an exact mathe- 
matical number and may vary from month to month as prices or operating 
conditions change. Therefore, all he expects to obtain from this particular 
optimum economic calculation is a good estimation as to the best diameter, 
and investment comparisons may not be necessary. 

The practical design engineer understands the physical problems which 
are involved in the final operation and maintenance of the designed equip- 
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ment. In developing the plant layout, crucial control valves must be 
placed where they are easily accessible to the operators. Sufficient space 
must be available for maintenance men to check, take apart, and repair 
equipment. The engineer should realize that cleaning operations are sim- 
plified if a scale-forming fluid is passed through the inside of the tubes 
rather than on the shell side of a tube-and-shell heat exchanger. Obviously, 
then, sufficient plant-layout space should be made available so that the 
maintenance men can remove the head of the installed exchanger and force 
cleaning worms or brushes through the inside of the tubes. Similarly, space 
should be available for removing the entire tube bundle when necessary. 

The theoretical design of a distillation unit may indicate that the feed 
should be introduced on one particular tray in the tower. Instead of 
specifying a tower with only one feed inlet on the calculated tray, the 
practical engineer will also include inlets on several trays above and below 
the calculated feed point. He knows the actual operating conditions for 
the tower will vary, and he knows the assumptions included in his calcula- 
tions make it impossible to guarantee absolute accuracy. 

The preceding examples typify the type of practical problems the design 
engineer encounters. In design work, theoretical and economic principles 
must be combined with an understanding of the common practical prob- 
lems that will arise when the process finally comes to life in the form of a 
complete plant or a complete unit. 


COST ESTIMATION 


At periodic intervals during the course of a plant design, the economic 
potentialities of the process must be evaluated. When the final process- 
design stage is completed, it is possible to make accurate cost estimations 
because detailed equipment specifications and definite plant-facility infor- 
mation are available. Direct price quotations based on the detailed speci- 
fications can then be obtained from various manufacturers. However, no 
design project should proceed to the final stages before costs are considered, 
and cost estimates should be made throughout all the early stages of the 
design when complete specifications are not available. Evaluation of costs 
in the preliminary design phases is sometimes called “ouesstimation” or 
“horse-back estimation,” but the appropriate designation is predesign cost 
estimation. 

The design engineer must be certain to consider all possible factors when 
making a cost analysis. He must include fixed costs, such as rent, insur- 
ance, taxes, and depreciation. Direct production costs for raw inten 
labor, maintenance, power, and utilities must also be included along waa 
nests for plant and administrative overhead, distribution of the final prod- 
ucts, and other miscellaneous items. 
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Many special techniques have been developed for making accurate cost 
estimations. Labor and material indexes, standard cost ratios, and special 
multiplication factors are examples of information used when making de- 
sign estimates of costs. The final test as to the validity of any cost estima- 
tion can come only when the completed plant has been put into operation. 
However, if the design engineer is well acquainted with the various estima- 
tion methods and their accuracy, it is possible to make remarkably close 
cost estimations even before the final process design gives detailed specifi- 
cations. 


THE DESIGN APPROACH 


The general approach in any plant design involves a carefully balanced 
combination of theory, practice, and plain common sense. In original de- 
sign work, the engineer must deal with many different types of experimental 
and empirical data. He may be able to obtain accurate values of heat 
capacity, density, vapor-liquid equilibrium data, or other information on 
physical properties from the literature. In many cases, however, exact 
values for necessary physical properties are not available, and the engineer 
is forced to make approximate estimations of these values. Many approxi- 
mations also must be made in carrying out theoretical design calculations. 
For example, even though the engineer knows that the perfect-gas law 
applies exactly only to simple gases at very low pressures, he is willing to 
use this law in many of his calculations when the gas pressure is as high 
as 5 or more atmospheres. With common gases, such as air or simple 
hydrocarbons, the error introduced by using the perfect-gas law at ordinary 
pressures and temperatures is usually negligible in comparison with other 
uncertainties involved in design calculations. The engineer prefers to 
accept this error rather than waste his time determining virial coefficients 
or other factors to correct for perfect-gas deviations. 

In the engineer’s approach to any design problem, he must be prepared 
to make many assumptions. Sometimes these assumptions are made be- 
cause no absolutely accurate values or methods of calculation are available. 
At other times, methods involving close approximations are used because 
exact treatments would require long and laborious calculations giving little 
gain in accuracy. The good design engineer recognizes the need for making 
certain assumptions in his work, but he knows that this type of approach 
introduces some uncertainties into his final results. Therefore, assumptions 
are made only when they are necessary and essentially correct. 

Another important factor in the approach to any design problem involves 
economic conditions and limitations. The engineer must consider costs and 
probable profits constantly throughout all his work. It is almost always 
better to sell many units of a product at a low profit per unit than a few 
units at a high profit per unit. Consequently, the engineer must take the 
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volume of production into account when determining costs and total profits 
for various types of designs. This obviously leads to considerations of 
customer demands. What type of product does the customer want? How 
can we induce him to buy large amounts of our product? These factors 
may appear to be distantly removed from the drawing table of a design 
engineer, but they are extremely important in determining the ultimate 
success of a plant design. 

Theoretical understanding, comprehension of practical and economic 
limitations, common sense, ability to do original and hard work—these are 
the requirements for a good design engineer, and they must be used in the 
approach to any design problem. 


CHAPTER 2 


COSTS IN CHEMICAL PROCESSES 


Because of the necessity for combining economic considerations with 
plant design, the design engineer must be aware of the many different 
types of costs involved in manufacturing processes. Money must be paid 
out for direct plant expenses, such as those for raw materials, labor, and 
equipment. In addition, many other indirect expenses are incurred, and 
these must be included if a complete analysis of the total cost is to be ob- 
tained. Some examples of these indirect expenses are administrative sala- 
ries, product-distribution costs, and costs for interplant communications. 

A plant design must present a process that is capable of operating under 
conditions which will yield a profit. Since net profit equals total income 
minus all expenses, it is essential to include all costs when making a profit 
analysis. The costs involved in manufacturing processes may be divided 
into the two categories of factory manufacturing costs and general 
expenses. 

When determining gross earnings, it is not necessary to include income 
taxes as an expense; however, when considering net profits, the expenses 
due to income taxes are extremely important, and this cost must be included 
as a special type of general expense. 

A capital investment is required for any industrial process, and deter- 
mination of the necessary investment is an important part of a plant- 
design project. The total investment for any process consists of the fixed- 
capital investment for the physical equipment and facilities in the plant 
plus the working capital for money which must be available to pay sala- 
ries, keep raw materials and products on hand, and handle other special 
items requiring a direct cash outlay. Thus, in an analysis of costs in in- 
dustrial processes, investment costs, factory manufacturing costs, and gen- 
eral expenses including income taxes must be taken into consideration. 


BREAKDOWN OF COSTS 


Factory Manufacturing Costs. All expenses directly connected with 
the manufacturing operation or the physical equipment of the factory it- 
self are included in factory manufacturing costs. These expenses may be 
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divided into three classifications as follows: (1) fixed charges, (2) direct 
production costs, and (3) plant-overhead expenses. 

Fixed charges are expenses which remain practically constant from year 
to year and do not vary widely with changes in production rate. Depre- 
ciation, taxes, insurance, and rent require expenditures that can be classi- 
fied as fixed charges. 

Direct production costs include expenses directly connected with the manu- 
facturing operation. This type of cost involves expenditures for raw mate- 
rials (including transportation, unloading, ete.); direct operating labor; 
supervisory and clerical labor directly connected with the manufacturing 
operation; plant maintenance and repairs; operating supplies such as oil, 
grease, and janitor supplies; power; utilities; and patent royalties. 

Plant-overhead costs are for hospital and medical services; general plant 
maintenance and overhead; safety services; payroll overhead including 
pensions, vacation allowances, social security, and life insurance; packaging, 
restaurant and recreation facilities, salvage services, control laboratories, 
property protection, plant superintendence, warehouse and storage facili- 
ties, and special employee benefits. These costs are similar to the basic fixed 
charges in that they do not vary widely with changes in production rate. 

General Expenses. In addition to the factory manufacturing costs, 
other general expenses are involved in any company’s operations. These 
general expenses may be classified as (1) administrative expenses, (2) dis- 
tribution and selling expenses, (3) research and development expenses, 
(4) financing expenses, and (5) gross-earnings expenses. 

Administrative expenses include costs for executive and clerical wages, 
office supplies, upkeep on office buildings, and general communications. 

Distribution and selling expenses are costs incurred in the process of sell- 
ing and distributing the various products. These costs include expendi- 
tures for sales offices, salesmen, shipping, and advertising. 

Research and development expenses are incurred by any progressive con- 
cern which wishes to remain in a competitive industrial position. These 
costs are for salaries, wages, special equipment, research facilities, and con- 
sultant fees related to developing new ideas or improved processes. 

Financing expenses include the extra costs involved in procuring the 
money necessary for the capital investment. Financing expense is usually 
limited to interest on borrowed money, and this expense is sometimes listed 
as a fixed charge. 

(ross-earnings expenses are based on income-tax laws. These expenses 
are a direct function of the gross earnings made by all the various interests 
held by the particular company. Because these costs depend on the com- 
pany-wide picture, they are often not included in predesign or preliminary 
cost-estimation figures for a single plant, and the probable returns are re- 
ported as the gross earnings obtainable with the given plant design. 
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Fig. 2-1. Costs involved in chemical manufacturing operations. 
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Total Product Cost. The sum of factory manufacturing costs and gen- 
eral expenses represents the total expenditure. Since all these costs are 
necessary to make the production of the final product completely successful 
from all viewpoints, the sum of factory manufacturing costs and general 
expenses is designated as total product cost. 

A tabular representation showing the various types of costs involved in 
chemical manufacturing processes is presented in Fig. 2-1. 


FACTORS AFFECTING COSTS 


When a design engineer determines costs for any type of commercial 
process, he wants these costs to be as accurate as possible. To accomplish 
this, the engineer must. have a complete understanding of the many factors 
that can affect costs. For example, many companies have reciprocal ar- 
rangements with other concerns whereby certain raw materials or types of 
equipment may be purchased at prices lower than the prevailing market 
prices. Therefore, if the design engineer bases the cost of the raw materials 
for his process on regular market prices, he may find that the process is 
uneconomical. If the engineer had based his estimate on the actual prices 
his company would have to pay for the raw materials, the economic picture 
might have been altered completely. The design engineer must keep up 
to date on price fluctuations, company policies, governmental regulations, 
and other factors affecting costs. 

Operating Time and Rate of Production. One of the factors that has 
an important effect on costs is the fraction of the total available time during 
which the process is in operation. When equipment stands idle for an ex- 
tended period of time, the labor costs are usually low; however, other costs, 
such as those for maintenance, protection, and depreciation, continue even 
though the equipment is not in active use. 

Operating time, rate of production, and sales demand are closely inter- 
related. The ideal plant should operate under a time schedule which gives 
the maximum production rate while maintaining economic operating 
methods. In this way, the total cost per unit of production is kept near 
a minimum because the fixed costs are utilized to the fullest extent. This 
ideal method of operation is based on the assumption that the sales de- 
mand is sufficient to absorb all the material produced. If the production 
capacity of the process is greater than the sales demand, the operation can 
be carried on at reduced capacity or periodically at full capacity. 

Figure 2-2 gives a graphical analysis of the effect on costs and profits 
when the rate of production varies. As indicated in this figure, the fixed 
costs remain constant and the total product cost increases as the rate of 
production increases. The point where the total product cost equals the 
total income is known as the break-even point. Under the conditions shown 
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in Fig. 2-2, an ideal production rate for the chemical processing plant 
would be approximately 450,000 lb/month, because this represents the 
point of maximum earnings. 


Thousands of dollars per month 





Rate of production, 1000 |b/month 


Fic. 2-2. Break-even chart for chemical processing plant. 


The effects of production rate and operating time on costs should be 
recognized by the design engineer. By considering sales demand along 
with the capacity and operating characteristics of the equipment, the 
engineer can recommend the production rates and operating schedules that 
will give the best economic results. 

Company Policies. Policies of individual companies have a direct 
effect on costs. For example, some concerns have particularly strict safety 
regulations and these must be met in every detail. The purchasing office 
may have special agreements permitting some raw materials or equipment 
to be purchased at reduced prices. Accounting procedures and methods 
for determining depreciation costs vary among different companies. The 
company policies with reference to labor unions should be considered, be- 
cause these will affect overtime labor charges and the type of work the 
operators or other employees can do. Labor-union policies may even 
dictate the amount of wiring and piping that can be done on a piece of 
equipment before it is brought into the plant and, thus, have a direct 
effect on the total cost of installed equipment. 
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The preceding are just a few of the many ways in which company policies 
‘an affect costs. Each concern has its own rules and regulations, and the 
design engineer should familiarize himself with these before he makes any 
final cost decisions. . 

Sources of Equipment. One of the major costs involved in any chemical 
process is for the equipment. In many cases, standard types of tanks, 
reactors, or other equipment are used, and a substantial reduction in cost 
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Fig. 2-3. Comparison of cost factors for chemical industry from 1941 to 1957. (U.S. 
Bureau of Labor Statistics.) 


can be made by employing idle equipment or by purchasing second-hand 
equipment. If new equipment must be bought, several independent quota- 
tions should be obtained from different manufacturers. When the speci- 
fications are given to the manufacturers, the chances for a low cost estimate 
are increased if the engineer does not place overly strict limitations on the 
design. 

Price Fluctuations. In our modern economic society, prices may vary 
widely from one period to another, and this factor must be considered when 
the costs for an industrial process are determined. It would obviously be 
ridiculous to assume that plant operators or supervisors could be hired at 
the same wage rate in 1957 as in 1932. The same statement applies to 
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comparing prices of equipment purchased at different times. The design 
engineer, therefore, must keep up to date on price and wage fluctuations. 
One of the most complete sources of information on existing price condi- 
tions is the Monthly Labor Review published by the U.S. Bureau of Labor 
Statistics. This publication gives up-to-date information on present prices 
and wages for different types of industries. 

Figure 2-3 is a graphical representation showing the tremendous varia- 
tions with time of prices and wages in the United States. This plot applies 
in particular to the chemical industry, but the same type of fluctuations 
has occurred throughout the entire industrial field. 

Governmental Policies. The national government has many regulations 
and restrictions which have a direct effect on industrial costs. Some exam- 
ples of these are import and export tariff regulations, restrictions on per- 
missible depreciation rates, and income-tax regulations. 

Prior to 1951, there were strict governmental regulations against rapid 
depreciation write-offs for industrial equipment. These restrictions in- 
creased the income-tax load for new companies during their first few years 
of existence and tended to discourage new enterprise. Therefore, during 
the Korean War, a fast amortization policy for certain defense installations 
was authorized. This policy permitted at least part of the value of the 
installation to be written off in 5 years as compared to an average of 10 
to 15 years under the old laws. In 1954, a new law was passed permitting 
approximately two-thirds of the total investment for any process to be 
written off as depreciation during the first half of the useful life. A rapid 
write-off of this type is very desirable for some concerns because it reduces 
income taxes during the early years of the plant life. 

Governmental policies with reference to capital gains and gross-earnings 
taxes should be understood when costs are determined. Suppose a concern 
decides to sell some valuable equipment before its useful life is over. The 
equipment has a certain asset or unamortized value, but the offered price 
may be more than the unamortized value. The profit over the unamor- 
tized value is taxable as capital gain at 25 per cent. If a fast depreciation 
method had been used, the capital gain would have been fairly large; how- 
ever, this gain would be taxed at only 25 per cent, while the amount saved 
through fast-depreciation allowances may have been at an income-tax rate 
of over 50 per cent.* 

The preceding example shows why the design engineer should under- 
stand the effects of governmental regulations on costs. Each company has 
its own methods for meeting these regulations, but changes in the laws and 
alterations in the national and company economic situation require con- 
stant surveillance if optimum cost conditions are to be maintained. 


* For a discussion of income-tax rates, see Chap. 4 (Taxes and Insurance). 
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CAPITAL INVESTMENTS 


Before an industrial plant can be put into operation, a large amount of 
money must be supplied to purchase and install the necessary machinery 
and equipment. Land and service facilities must be obtained, and the 
plant must be erected complete with all piping, controls, and services. In 
addition, it is necessary to have money available for the payment of ex- 
penses involved in the plant operation. 

The capital needed to supply the necessary manufacturing and plant 
facilities is called the fived-capital investment, while that necessary for the 
operation of the plant is termed the working capital. The sum of the fixed- 
capital investment and the working capital is known as the total capital 
investment. The fixed-capital portion may be further subdivided into 
manufacturing fixed-capital investment and nonmanufacturing fixed-capital 
investment. 

Fixed-capital Investment. Manufacturing fixed-capital investment rep- 
resents the capital necessary for the production machinery and equipment, 
installed with all necessary auxiliaries and ready for operation. Expenses 
for piping, instruments, insulation, foundations, and site preparation are 
typical examples of costs included in the manufacturing fixed-capital in- 
vestment. 

Fixed capital required for construction overhead and for all plant com- 
ponents that are not directly related to the process operation is designated 
as the nonmanufacturing fixed-capital investment. These plant compo- 
nents include the land, processing buildings, administrative and other 
offices, warehouses, laboratories, transportation, shipping, and receiving 
facilities, utility and waste-disposal facilities, shops, and other permanent 
parts of the plant. The construction overhead cost consists of field-office 
and supervision expenses, home-office expenses, engineering expenses, mis- 
cellaneous construction costs, contractor’s fees, and contingencies. In some 
cases, construction overhead is proportioned between manufacturing and 
nonmanufacturing fixed-capital investment. 

Relative Magnitudes of Costs for Items Included in Fixed-capital In- 
vestment. A general idea as to the magnitude of the costs for the various 
items comprising the fixed-capital investment can be obtained from Table 1. 
The values presented in this table are approximations for ordinary chemical 
plants and will vary with different types of plants and localities.* 

Working Capital. The working capital for an industrial plant consists 
of the total amount of money invested in (1) raw materials and supplies 
carried in stock, (2) finished products in stock and semifinished products 
in the process of being manufactured, (3) accounts receivable, and (4) cash 


*See Chap. 7 (Cost Estimation) for a detailed discussion on methods for estimating 
capital investments. 
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TaBLE 1. RELATIVE MAGNITUDE oF Costs FoR ITEMS INCLUDED IN FIXED-CAPITAL 
INVESTMENT * 


Per cent of fixed-capital 
investment for 





Item 
Solid- Solid-fluid- Fluid- 
processing | processing | processing 
plant plant plant 
Process equipment (delivered but not installed) 30 26 20 
Process equipment (installed—includes equip- 

ment and auxiliaries, site preparation, founda- 

tions, supports, frames, platforms, insulation, 

painting, instrumentation, sewers, drains, erec- 

GN RGBUIOE CUC:)o ewan ys cenac tomes ee 245 43 37 29 
ot Cit aye uge Aas eee a eo a 9 17 
Manufacturing fixed-capital investment........ 47 46 46 
Auxiliary components (includes process build- 

ings, land, offices, warehouses, laboratories, 

transportation and utilities facilities, electrical 

installations, yard improvements, etc.)....... 26 t+ 26 Tt 23 f 
Construction overhead (includes field and home 

office, supervision, engineering, insurance, etc.) 9 10 13 
Keeitmstiy a TORR og ais ei es abo a ao wee ens 6 6 6 
Contingencies, .. 26. ibd eee saris cae eee 12 12 12 
Nonmanufacturing fixed-capital investment. ... 53 54 54 


Scr nn EE 
* These percentages apply for major additions to a plant at an existing site. 
+ For a new plant at a completely undeveloped site, the relative cost for auxiliary com- 
ponents is usually much greater than indicated here. 


which must be kept on hand for monthly payment of operating expenses, 
such as salaries, wages, and raw-material purchases. 

The raw-materials inventory included in working capital usually amounts 
to a 1-month supply of the raw materials valued at delivered prices. Fin- 
ished products in stock and semifinished products have a value approxi- 
mately equal to the total manufacturing cost for 1 month’s production. 
Because credit terms extended to customers are usually based on an allowa- 
ble 30-day payment period, the working capital required for accounts re- 
ceivable ordinarily amounts to the production cost for 1 month of opera- 
tion. 

The ratio of working capital to total capital investment varies with dif- 
ferent companies, but most chemical plants use an initial working capital 
amounting to 10 to 20 per cent of the total capital investment. This per- 
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centage may increase to as much as 50 per cent or more for companies 
producing products of seasonal demand because of the large inventories 
which must be maintained for appreciable periods of time. 


FIXED CHARGES 
4 


Certain expenses are always present in an industrial plant whether or 
not the manufacturing process is in operation. Costs that are invariant 
with the amount of production are designated as fixed costs or fixed charges. 
These include costs for depreciation, local property taxes, insurance, and 
rent. Expenses of this type are a direct function of the capital investment. 
As a rough approximation, these charges amount to about 10 to 20 per 
cent of the total product cost. 

Depreciation. Equipment, buildings, and other material objects com- 
prising a manufacturing plant require an initial investment which must be 
written off as a manufacturing expense. In order to write off this cost, a 
decrease in value is assumed to occur throughout the useful life of the ma- 
terial possessions. This decrease in value is designated as depreciation. 

Since depreciation rates are very important in determining the amount 
of income tax, the U.S. Bureau of Internal Revenue has established allowa- 
ble depreciation rates based on the probable useful life of various types of 
equipment and other fixed items involved in manufacturing operations. 
While several alternative methods may be used for determining the rate of 
depreciation, a straight-line method is usually assumed for engineering 
projects. In applying this method, a useful-life period and a salvage value 
at the end of the useful life are assumed, with due consideration being 
given to possibilities of obsolescence and economic changes. The difference 
between initial cost and the salvage value divided by the total years of 
useful life gives the annual cost due to depreciation. 

The annual depreciation rate for machinery and equipment ordinarily is 
about 10 per cent of the fixed-capital investment, while buildings are usu- 
ally depreciated at an annual rate of about 3 per cent of the initial cost. 

Local Taxes. The magnitude of local property taxes depends on the 
particular locality of the plant and the regional laws. Annual property 
taxes for plants in highly populated areas are ordinarily in the range of 
2 to 4 per cent of the fixed-capital investment. In less populated areas, 
local property taxes are about 1 to 2 per cent of the fixed-capital investment. 

Insurance. Insurance rates depend on the type of process being carried 
out in the manufacturing operation and on the extent of available pro- 
tection facilities. On an annual basis, these rates amount to about 1 per 
cent of the fixed-capital investment. 

Rent. Annual costs for rented land and buildings amount to about 
8 to 10 per cent of the value of the rented property. 
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DIRECT PRODUCTION COSTS 


Raw Materials. In the chemical industry, one of the major costs in 
a production operation is for the raw materials involved in the process. 
The amount of the raw materials which must be supplied per unit of time 
or per unit of product can be determined from process material balances. 
In many cases, certain materials act only as an agent of production and 
may be recoverable to some extent. Therefore, the cost should be based 
only on the amount of raw materials actually consumed as determined from 
the over-all material balances. 

Direct price quotations from prospective suppliers are preferable to pub- 
lished market prices. For preliminary cost analyses, market prices are 
often used for estimating raw-material costs. These values are published 
regularly in journals such as the Ozl, Paint, and Drug Reporter or quarterly 
in Chemical and Engineering News. 

Freight or transportation charges should be included in the raw-material 
costs, and these charges should be based on the form in which the raw 
materials are to be purchased for use in the final plant. Although bulk 
shipments are cheaper than smaller-container shipments, they require 
greater storage facilities and inventory. Consequently, the demands to 
be met in the final plant should be considered when deciding on the cost 
of raw materials. 

The ratio of the cost of raw materials to total plant cost obviously will 
vary considerably for different types of plants. In chemical plants, raw- 
material costs are usually in the range of 10 to 50 per cent of the total 
product cost. 

Operating Labor. In general, operating labor may be divided into the 
two classes of skilled and unskilled labor. Hourly wage rates for operating 
labor in different industries at various locations can be obtained from the 
US. Bureau of Labor Monthly Labor Review. These rates may vary from 
$1 to over $3 per hour depending on the degree of skill involved and on 
local economic conditions. For chemical processes, operating labor usually 
amounts to about 15 per cent of the total product cost. 

Direct Supervisory and Clerical Labor. A certain amount of direct 
supervisory and clerical labor is always required for a manufacturing opera- 
tion. The necessary amount of this type of labor is closely related to the 
total amount of operating labor, complexity of the operation, and product 
quality standards. The cost for direct supervisory and clerical labor aver- 
ages about 15 per cent of the cost for operating labor. 

Utilities. The cost for utilities, such as steam, electricity, process and 
cooling water, compressed air, natural gas, and fuel oil, varies widely de- 
pending on the amount of consumption, plant location, and source. Che 
utility may be purchased at predetermined rates from an outside source, 
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or the service may be produced by the company’s facilities. If the com- 
pany supplies its own service and it is utilized for just one process, the 
entire cost of the service installation is usually charged to the manufactur- 
ing process. If the service is utilized for the production of several different 
products, the service cost is divided among the different products at a rate 
based on the amount of individual consumption. 

Steam requirements include the amount consumed in the manufacturing 
process plus that necessary for building heat. An allowance for radiation 
and line losses must also be made. 

Electrical power must be supplied for lighting, motors, and various proc- 
ess-equipment demands. These direct-power requirements should be in- 
creased by a factor of 1.1 to 1.25 to allow for line losses and contingencies. 
As a rough approximation, utility costs for ordinary chemical processes 
amount to 10 to 20 per cent of the total product cost. 

Maintenance and Repairs. A considerable amount of expense is neces- 
sary for maintenance and repairs if a plant is to be kept in efficient operat- 
ing condition. These expenses include the cost for labor, materials, and 
supervision. 

Annual costs for equipment maintenance and repairs may range from as 
low as 2 per cent of the equipment cost if service demands are light to 20 
per cent for cases in which there are severe operating demands. Charges 
of this type for buildings average 3 to 4 per cent of the building cost. In 
the process industries, the total plant cost per year for maintenance and 
repairs is roughly equal to an average of 6 per cent of the fixed-capital 
investment. 

Operating Supplies. In any manufacturing operation, many miscel- 
laneous supplies are needed to keep the process functioning efficiently. 
Items such as charts, lubricants, janitor supplies, test chemicals, and simi- 
lar supplies cannot be considered as raw materials or maintenance and 
repair materials, and they are classified as operating supplies. The annual 
cost for this type of supplies is about 15 per cent of the total cost for 
maintenance and repairs. 

Patents and Royalties. Many manufacturing processes are covered by 
patents, and it may be necessary to pay a set amount for patent rights or 
a royalty based on the amount of material produced. Even though the 
company involved in the operation obtained the original patent, a certain 
amount of the total expense involved in the development and procurement 
of the patent rights should be borne by the plant as an operating expense. 
In cases of this type, these costs are usually amortized over the legally 
protected life of the patent. A rough approximation of patent and roy- 
a costs for patented processes is 2 to 6 per cent of the total product 
cost. 
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PLANT-OVERHEAD COSTS 


The costs considered in the preceding sections are directly connected 
with the production operation. In addition, however, many other expenses 
are always involved if the complete plant is to function as an efficient unit. 
The expenditures required for routine plant services are included in plant- 
overhead costs. Nonmanufacturing machinery, equipment, and buildings 
are necessary for many of the general plant services, and the fixed charges 
and direct costs for these items are part of the plant-overhead costs. 

Expenses connected with the following comprise the bulk of the charges 
for plant overhead: 


Hospital and medical services 

General engineering 

Safety services 

Cafeteria and recreation facilities 

General plant maintenance and overhead 
Payroll overhead including employee benefits 
Control laboratories 

Packaging 

Plant protection 

Janitor and similar services 

Employment offices 

Distribution of utilities 

Shops 

Lighting 

Interplant communications and transportation 
Warehouses 

Shipping and receiving facilities, 


These charges are closely related to the costs for all labor directly con- 
nected with the production operation. The plant-overhead cost for chemi- 
cal plants is about 50 to 70 per cent of the total expense for operating 
labor, supervision, and maintenance. 


ADMINISTRATIVE COSTS 


The expenses connected with top-management or administrative activi- 
ties cannot be charged directly to manufacturing costs; however, it is nec- 
essary to include the administrative costs if the economic analysis is to be 
complete. Salaries and wages for administrators, secretaries, accountants, 
stenographers, typists, and similar workers are part of the administrative 
expenses, along with costs for office supplies and equipment, outside com- 
munications, administrative buildings, and other overhead items connected 
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with administrative activities. These expenses amount to about 15 per 
cent of the cost for operating labor, supervision, and maintenance. 


DISTRIBUTION AND SELLING COSTS 


From a practical viewpoint, no manufacturing operation can be con- 
sidered a success until the products have been sold or put to some profitable 
use. It is necessary, therefore, to consider the expenses involved in selling 
the products. Included in this category are salaries, wages, supplies, and 
other expenses for sales offices; salaries, commissions, and traveling ex- 
penses for salesmen; shipping expenses; and advertising expenses. 

Distribution and selling costs vary widely for different types of plants de- 
pending on the particular material being produced, other products sold by 
the company, plant location, and company policies. These costs for most 
chemical plants are in the range of 2 to 20 per cent of the total product cost. 


RESEARCH AND DEVELOPMENT COSTS 


New methods and products are constantly being developed in the chemi- 
cal industries. These accomplishments are brought about by emphasis on 
research and development. Fesearch and development costs include salaries 
and wages for all personnel directly connected with this type of work, fixed 
and operating expenses for all machinery and equipment involved, costs 
for materials and supplies, direct overhead expenses, and miscellaneous 
costs. In the chemical industry, these costs amount to about 2 to 5 per 
cent of every sales dollar. 


FINANCING 


Interest. Interest is considered to be the compensation paid for the 
use of borrowed capital. A fixed rate of interest is established at the time 
the capital is borrowed; therefore, interest is a definite cost if it is neces- 
sary to borrow the capital used to make the investment for a plant. Al- 
though interest on borrowed capital is a fixed charge, there are many per- 
sons who claim that interest should not be considered as a manufacturing 
cost. It is preferable to separate interest from the other fixed charges and 
list it as a separate expense under the general heading of management or 
financing cost. Annual interest rates amount to 3 to 6 per cent of the 
total value of the borrowed capital. 

When the capital investment is supplied directly from the existing funds 
of a company, it is a debatable point whether interest should be charged 
as a cost. For income-tax calculations, interest on owned money cannot 
be charged as a cost. In design calculations, however, interest can be in- 
cluded as a cost unless there is assurance that the total capital investment 
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will be supplied from the company’s funds and the company policies permit 
exclusion of interest as a cost. 


GROSS-EARNINGS COSTS 


The total income minus the total production cost gives the gross earnings 
made by the particular production operation. Because of income-tax de- 
mands, the final net profit is often much less than the gross earnings. 
Income-tax rates are based on the gross earnings received from all the 
company interests. Consequently, the magnitude of these costs varies 
widely from one company to another. 

On an annual basis, the corporate income-tax laws for the United States 
in 1956 required payment of a 30 per cent normal tax on the complete 
gross earnings of a corporation plus a 22 per cent surtax on gross earnings 
above $25,000. This means that gross-earnings costs in 1956 could have 
amounted to 52 per cent of all earnings above $25,000 per year plus 30 
per cent of the first $25,000. In addition, if other levies, such as regional 
income taxes, were included, the over-all tax rate could have been even 


higher. 
CONTINGENCIES 


Unforeseen events, such as strikes, storms, floods, price variations, and 
other contingencies, may have an effect on the costs for a manufacturing 
operation. When the design engineer predicts total costs, he often finds it 
advisable to take these factors into account. This can be accomplished by 
including a contingency factor equivalent to 1 to 5 per cent of the total 


product cost. * 
PROBLEMS 


e 

1. A reactor of special design is the major item of equipment in a small chemical 
plant. The initial cost of the completely installed reactor is $60,000, and the salvage 
value at the end of the useful life is estimated to be $10,000. Excluding depreciation 
costs for the reactor, the total annual expenses for the plant are $100,000. How many 
years of useful life should be estimated for the reactor if 12 per cent of the total annual 
expenses for the plant are due to the cost for reactor depreciation? The straight-line 
method for determining depreciation should be used. 

2. A company has been selling a soap containing 30 per cent by weight water at a 
price of $10 per 100 lb f.o.b. (i.e., freight on board, which means the laundry pays the 
freight charges). The company offers an equally effective soap containing only 5 per 
cent water. The water content is of no importance to the laundry, and it is willing to 
accept the soap contiining 5 per cent water if the delivered costs are equivalent. If 
the freight rate is 70 cents per 100 Ib, how much should the company charge the laundry 


per 100 lb f.o.b. for the soap containing 5 per cent water? 


*1In Chap. 7 (Cost Estimation), Table 15 presents a compilation of factors that can 


be used for estimating the costs of individual components in the total product cost. 
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3. A rough rule of thumb for the chemical industry is that $1 of annual sales requires 
$1 of fixed-capital investment. In a chemical processing plant where this rule applies, 
the total capital investment is $2,500,000 and the working capital is 20 per cent of the 
total capital investment. The annual total product cost amounts to $1,500,000. If 
the national and regional income-tax rates on gross earnings total 52 per cent, deter- 
mine the following: : 

(a) Per cent of total capital investment returned annually as gross earnings. 

(b) Per cent of total capital investment returned annually as net profit. 

4. A chemical processing unit has a capacity for producing 1 million Ib of a product 
per year. After the unit has been put into operation, it is found that only 500,000 Ib 
of the product can be disposed of per year. An analysis of the existing situation shows 
that all fixed and other invariant charges which must be paid whether or not the unit 
is operating amount to 35 per cent of the total product cost when operating at full 
capacity. Raw-material costs and other production costs that are directly proportional 
to the quantity of production (i.e., constant per pound of product at any production 
rate) amount to 40 per cent of the total product cost at full capacity. The remaining 
25 per cent of the total product cost is for variable overhead and miscellaneous expenses, 
and the analysis indicates that these costs are directly proportional to the production 
rate during operation raised to the 1.5 power. What will be the per cent change in 
total cost per pound of product if the unit is switched from the 1-million-lb-per-year 
rate to a time and rate schedule which will produce 500,000 lb of product per year at 
the least total cost? All costs referred to above are on a per pound basis. 

5. The initial installed cost for a new piece of equipment is $10,000, and its scrap 
value at the end of its useful life is estimated to be $2000. The useful life is estimated 
to be 10 years. After the equipment has been in use for 4 years, it is sold for $7000. 
The company which originally owned the equipment employs the straight-line method 
for determining depreciation costs. If the company had used an alternative method for 
determining depreciation costs, the asset (or book) value for the piece of equipment 
at the end of 4 years would have been $5240. The total income-tax rate for the com- 
pany is 52 per cent of all gross earnings. Capital-gains taxes amount to 25 per cent 
of the gain. How much net saving after taxes would the company have achieved by 
using the alternative (in this case, reducing-balance) depreciation method instead of the 
straight-line depreciation method? 

6. The total capital investment for a proposed chemical plant is estimated to be 
$1 million, and it will produce $1,500,000 worth of goods per year. It will be necessary 
to do a considerable amount of research and development work on the project before 
the final plant can be constructed, and management wishes to estimate the permissible 
research and development costs. It has been decided that the net profits from the 
plant should be sufficient to pay off the total capital investment plus all research and 
development costs in 7 years. A return after taxes of at least 12 per cent of sales must 
be obtained, and 50 per cent of the research and development cost is tax-free (i.e., 
income-tax rate for the company is 50 per cent of the gross earnings). Under these 
conditions, what is the total amount the company can afford to pay for research and 
development? See Chem. Eng., 62(1):130 (1955). 


CHAPTER 3 


INTEREST AND INVESTMENT COSTS 


A considerable amount of confusion exists among engineers over the role 
of interest in determining costs for a manufacturing plant. The confusion 
is caused by the attempt to apply the classical economist’s definition of 
interest. According to the classical definition, interest is the money re- 
turned to the owners of capital for use of their capital. This would mean 
that any profit obtained through the use of capital could be considered as 
interest. Modern economists seldom adhere to the classical definition. 
Instead, they prefer to substitute the term return on capital or return on 
investment for the classical interest. 

Engineers define interest as the compensation paid for the use of borrowed 
capital. This definition permits distinction between profit and interest. 
The rate at which interest will be paid is usually fixed at the time the 
capital is borrowed, and a guarantee is made to return the capital at some 
set time. 


TYPES OF INTEREST 


Simple Interest. In economic terminology, the amount of capital on 
which interest is paid is designated as the principal, and rate of interest is 
defined as the amount of interest earned by a unit of principal in a unit of 
time. The time unit is usually taken as 1 year. For example, if $100 
were the compensation demanded for giving someone the use of $1000 for 
a period of 1 year, the principal would be $1000, and the rate of interest 
would be 19%o99 = 0.1, or 10 per cent per year. 

The simplest form of interest requires compensation payment at a con- 
stant interest rate based only on the original principal. Thus, if $1000 is 
loaned for a total time of 4 years at a constant interest rate of 10 per cent 
per year, the simple interest earned would be 


$1000 X 0.1 K 4 = $400 
If P represents the principal, n the number of time units or interest 


periods, and 7 the interest rate based on the length of one interest period, 
27 
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the amount of simple interest J during n interest periods is 
r= Pim (1) 


The principal must be repaid eventually ; therefore, the entire amount S 
of principal plus simple interest due after interest periods is 


S=P+I1 = P(1+in) (2) 


Ordinary and Exact Simple Interest. The time unit used to determine 
the number of interest periods is usually 1 year, and the interest rate 1s 
expressed on a yearly basis. When an interest period of less than 1 
year is involved, the ordinary way to determine simple interest is to assume 
the year consists of twelve 30-day months, or 360 days. The exact method 
accounts for the fact that there are 365 days in a normal year. Thus, if 
the interest rate is expressed on the regular yearly basis and d represents 
the number of days in an interest period, the following relationships apply: 


d 
Ordinary simple interest = Pi — (3) 
360 
; _d 
Exact simple interest = Pi — (4) 
365 


Ordinary interest is commonly accepted in business practices unless there 
is a particular reason to use the exact value. 

Compound Interest. In the payment of simple interest, it makes no 
difference whether the interest is paid at the end of each time unit or after 
any number of time units. The same total amount of money is paid during 
a given length of time, no matter which method is used. Under these con- 
ditions, there is no incentive to pay the interest until the end of the total 
loan period. 

Interest, like all negotiable capital, has a time value. If the interest 
were paid at the end of each time unit, the receiver could put this money 
to use for earning additional profits. Compound interest takes this factor 
into account by stipulating that interest is due regularly at the end of 
each interest period. If payment is not made, the amount due is added to 
the principal, and interest is charged on this converted principal during 
the following time unit. Thus, an initial loan of $1000 at an annual interest 
rate of 10 per cent would require payment of $100 as interest at the end 
of the first year. If this payment were not made, the interest for the second 
year would be ($1000 + $100)(0.10) = $110, and the total compound 
amount due after 2 years would be $1000 + $100 + $110 = $1210. 
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The compound amount due after any number of interest periods can be 
determined as follows: 





Interest earned dur- 

ing period (¢ = in- Compound amount S 
terest rate based on at end of period 
length of one period) 


Principal 
Period at start 
of period 


oy 0 Pi P+Pi=P(1 +i) 

2 | Pd +2) P(1 + 1)(2) Pol ei PUL ay) = PU ee)" 
Se Eee 8)” P(1 + 4)?(2) P(1 + 1)% + P(l + 1)?@) = P(1 + 4)? 
n |P(1+"7) PO+"*"@) P(1 +1)" 


Therefore, the total amount of principal plus compounded interest due 
after n interest periods is 


S = P(1 +71)” (5) 


The term (1 + 7)" is commonly referred to as the compound-interest 
factor. Values for this factor at various interest rates and numbers of 
interest periods are given in Table 1. 

Figure 3-1 shows a comparison between the total amount due at different 
times for the cases where simple interest and compound interest are used. 





Total amount accumulated at 5% 
annual interest rate, dollars 





1@) 4 8 {2 16 20 
Time in years 
Fic. 3-1. Comparison between total amounts accumulated with simple interest and 


compound interest. 





























¥°O0016 €° L66E L°OL9T $2 00L 00° 68% 6° LIT 606° 9F LSP’ 6% OGF 8ST LOF'IT | LOOT'L | 6E8E'°F | 9169'S | OFFO'T og 
o LS9E ZL 9TLt bP S6L 89° S9E 66° €9T 168° SL 0Z6 TE 600° 1% GOL SI | 0S86°8 ZIF8'S | 9I8Z°S | 6LER'S | 8POS'T oY 
8° 69FT 8E°O0SZ GL’ SLE 88° 88T TS0° €6 696 SF GGL 1% FL6 FI 98% OL | OOFO'L O08" F | 0292'S | O80Z°S | 688F'T OF 
249° 06¢ 00° 83S Te O8T TOT 86 008° cg ZOT 8% S8L° PI LL9°OT | T989°2 oot s T9F6'E | 6E18°S | 6666°T | 99TF'T S¢ 
8E° LES LE" Srl ¥F0 18 0¢6 0S 096° 66 6FP LT €90°OL | 2192 cer. ¢ 61GE °F PErS'S | SLZF'S | FLIIS'T | SLvE'T 0€ 
96¢°S6 699° 29 $18 ° OF SOF 9S 000° ZT Ses OT C88 °9 FLOPS 6162°F F98E ES 8¢99°% | 8E60°% | 9OFO'T | Fe8c'T SZ 
L6P'6L 601° €¢ 966 '°SE GIG €B OLL EL L6F8°6 GIPE 9 $6109 6840 °F IGG" €e9¢°% | 8ZE0'S | F809'T | L69c'T ¥G 
L¥c°99 800° SF 9LE OF S9E 0G 6SG" $T €FS6'8 STL8°S SOFL FP L618 °€ STL0'€ LOOPS | YELG'T | G9LE'°L | SLge'T £6 
906° S¢ SFI 8E 981° 9% T98° ZT OOT GI OFT 8 coer 's FOEP FP $e09°€ £966 '% 6698'S | I9I6°T | O9FS'T | LZHFe T (ZG 
£00 °9F EGE SE PLS GS 899 °ST 08 OL €00F 2 8EE0'°S 90F1 FP 966€°€ 098L°S 8816°% | SO098°T | LSTIS'T | FeES'T 16 
SEE SE £68" 13 I9F 61 FPL SI €9b9 6 GLOL'9 O199 °F L698 °€ TL06°€ €ES9°S IT61°% | 1908°T | 6¢8F'°T | c0ec'T 0% 
SF6 TE FIZ &% LLL 91 9¢0°SI 82198 68119 LST °F c9I9°€ 9920 '°€ OLZS°% S901 °% | GESL°T | 89SF°T | T80e'T 61 
€69 9G €L9° 61 OF FL CLS OT 0069° 2 66S¢°¢ 0966 °€ 66LE°€ EFS8°S 990F % 8¢20°S | FCOL'T | G8cF'T | I96T'T 81 
98T ZS GL9°9T 89F CI C9LZ'6 0998 °9 svso'¢s 000L° € 88ST '€ 8269'S 0Z66°S 6L¥6°T | 8c99°T | COOF'T | EF8I'T LT 
SSF ST 661 FT 8FL OT €LEL’8 FOET 9 0S6¢o °F 6SCF'€ GES6 SG POPS S 6281S O€Z8°T | ZFO9T | SZLE°T | 9OLT'T Of 
LOF ST FL6 TT oS9S 6 Osel2 9E24P'S GLLI'F GoLT€ 06SL°S 9966'S 682L0°% 6008°T | O8S¢°T | 6SFE°T | OLT9T'T ST 
68° ZI L¥T OT CL86°2L FI9G'9 IL88 °F GLOL°E GLE6'S S8LS°S 6096 °G 6626 T LTEL°I | 9SIS'T | S6TE"T | S6FI'T tL 
669° OT F669 '8 8988 °9 FC6F'S ceoe Fv EOSh'€ 961L°S 8607'S 6ZETS 9988 'T TS99°T | S89F°T | 9E6G°T | I8EI°T €1 
T9I6'8 9L86°L 09¢6°¢ 6LI8 °F 0968 € F8El'S S8IS"S CESSES GE10°S 6S6L°T OLO9'T | 8S3F'T | G89S°T | 89CI'T a 
oer L 69219 SZIT'S 9S F S8LV°€ TES8°S 9TEE's 6POT'S €868 °T sOrl'T C6ES'*I | CP8E°I | VEPS LT | LEIT'T II 
LI61°9 8EEs's VIIP ZLOL'€ rh 0) a LE6S°S 68S1°S 6196 °T 8062 °T 6829 T GOST | 6EFET | O6IS°T | 9FOTT OT 
S6S1'°S cScr F O€08 ° € OZSS'E TELLS 6LSE°S 0666 °T C8E8 1 $689 '°T €Tss "I EEcr'l | SFOS I | TS6I°T | ZE60°T 6 
8660 'F 6892 °¢ F8LS'°E 6S8 SG O9LF'S 9EFLS 60¢8 ‘T G8IL'T 8e6¢ T GLLV I 989E°T | 899%°T | LZIZTT | 6280°T 8 
SEBS "ES costs S9Z8°S €Z0S°S LOTS L8r6'T SEITZ 1 8S09'°T 9c0S 7 1 TLOF'T 6STE°1T | 6626°T | L8FI*T | TZL0°T Z 
0986°S 9669 °% POSES OS61°S 8EL6°T 9TLL 1 698¢'°T L00S ‘T CSIP T TOPE TI €S92'°1 | TP6T°T | S9ST°T | SI90'T 9 
E88F Ss 8L86°S €00T*S $G26'T €c9ZL°T cOrg T €69F T 9207 'T G8eEe T €9L¢'T LOIS@°L | €6ST°T | THOTT | OTSO'T SI 
9EL0°% 886 °T 9018 T 0689 °T ceLs 1 TOF T coge T 80Te 1 296 T CSTS'T 669T‘T | SSZI°I | F280°T | 9OFO'T 4 
O86L'T O€F9T 6096 °T CSI8P 1 6F0F T oles 1 L6S6'T 0Gca'T O61 'T OAST T 6FCI°T | L260°T | GI90'T | E0EO'T € 
OOFF T FC6E 'T ocre T 9662 'T FHSS T OOTS'T FOOL TL 6FFT T 9ECTT CcOl'T 9T80°T | 6090°T | FOFO'T | TOcO'T a 
0002 °T OO8T “1 OO9T *T OOFT T OOcTT OOOT *T 0080 °T 0020°T 0090 °T 00S0°T OOFO°T | OO€O°T | 0OZO'T | OOTO'T T 
%0G %81 %91 YP %sr %01 %8 YL %9 %S YF %E Ye %I pa ak 
-led 4 
-Ia} UI JO 
48a194UI JU90 Jed poyBorpUr 4B ,,(2 + T) JO ONTBA Jequinn 





nn TE EUEEI IESE EEEEEIEESSS EES 


(OOL)(@) = 38ere}zUI JUVD aq 


U GNY 2 dO SHOIVA SNOTUVA LV ,(2+ 1) HOLOVYA ISHUALNI-GNAOdNOD “T ATAV, 


30 


INTEREST AND INVESTMENT COSTS 31 


NOMINAL AND EFFECTIVE INTEREST RATES 


In common industrial practice, the length of an interest period is assumed 
to be 1 year and the fixed interest rate 7 is based on 1 year. However, 
there are cases where other time units are employed. Even though the 
actual interest period is not 1 year, the interest rate is often expressed on 
an annual basis. Consider an example in which the interest rate is 3 per 
cent per period and the interest is compounded at half-year periods. A 
rate of this type would be referred to as “6 per cent compounded semian- 
nually.”’ Interest rates stated in this form are known as nominal interest 
rates. The actual annual return on the principal would not be exactly 6 
per cent, but would be somewhat larger because of the compounding effect 
at the end of the semiannual period. 

It is desirable to express the exact interest rate based on the original 
principal and the convenient time unit of 1 year. A rate of this type is 
known as the effective interest rate. The only time that nominal and effec- 
tive interest rates are equal is when the interest is compounded annually. 

If nominal interest rates are quoted, it is possible to determine the effec- 
tive interest rate by proceeding from Eq. (5). 


S = Pil +1)" (5) 


In this equation, S represents the total amount of principal plus interest 
due after n periods at the periodic interest rate 7. Let 7 be the nominal 
interest rate under conditions where there are m conversions or interest 
periods per year. Then, the interest rate based on the length of one in- 
terest period is j/m, and the amount S after 1 year is 


j m 
alee 1 year — Je (1 a ¥ *) (6) 


Designating the effective interest rate as 7-, the amount S after 1 year 
can be expressed in an alternative form as 


Datter 1 year — fag tt ae he} (7) 


By equating Eqs. (6) and (7), the following equation can be obtained 
for the effective interest rate in terms of the nominal interest rate and the 


number of periods per year: 


p= (142) -1 (8) 


m 


Example 1. Applications of Different Types of Interest. It is desired to borrow $1000 
to meet a financial obligation. This money can be borrowed from a loan agency at a 
monthly interest rate of 2 per cent. Determine the following: 

(a) The total amount of principal plus simple interest due after 2 years if no inter- 


mediate payments are made. 
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(b) The total amount of principal plus compounded interest due after 2 years if no 


intermediate payments are made. 
(c) The nominal interest rate when the interest is compounded monthly. 
(d) The effective interest rate when the interest is compounded monthly. 


Solution 


(a) Length of one interest period = 1 month 
Number of interest periods in 2 years = 24 
For simple interest, the total amount due after n periods at periodic interest rate 


iis 
S = P(i +1) (2) 
P = initial principal = $1000 
i = 0.02 on a monthly basis 
n = 24 interest periods in 2 years 


S = $1000(1 + 0.02 X 24) = $1480 


(b) For compound interest, the total amount due after n periods at periodic interest 
rate 7 is 
S = P(l +7)” (5) 
S = $1000(1 + 0.02)"* = $1608 


(c) Nominal interest rate = 2 X 12 = 24% per year compounded monthly 
(d) Number of interest periods per year = m = 12 
Nominal interest rate = 7 = 0.24 


m 


Effective interest rate = (1 +- EAP Se (8) 
m 


pe os 245 
Effective interest rate = {1 + 3 Cie 1 = 0.268 = 26.8% 


PRESENT VALUE AND DISCOUNT 


It is often necessary to determine the amount of money which must be 
available at the present time in order to have a certain amount accumulated 
at some time in the future. Because the element of time is involved, in- 
terest must be taken into consideration. The present value of a future 
amount is the present principal which must be deposited at a given interest 
rate to yield the desired amount at some future date. 

In Eq. (5), S represents the amount available after n interest periods if 
the initial principal is P and the compound interest rate is 7. Therefore 
the present value can be determined by merely rearranging Kq. (5). | 


1 


Present value = P = S ———— 
tl =be} 


(9) 


The factor 1/(1 + 2)" is commonly referred to as the present-value factor. 
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Some types of capital are in the form of bonds having an indicated value 
at a future date. In business terminology, the difference between the indi- 
cated future value and the present value is known as the discount. 


Example 2. Determination of Present Value and Discount. A bond has a maturity 
value of $1000 and is paying compound interest at an annual rate of 3 per cent. Deter- 
mine the following at a time 4 years before the bond reaches its maturity value: 

(a) Present value. 

(6) Discount. 

(c) Compound rate of interest which will be received by a purchaser if he obtained 
the bond for $700. 


Solution 
$1000 


(ia ma accu 


(a) By Eq. (9), present value = 


(b) Discount = future value — present value = $1000 — $888 = $112 


Dee e700 000 
(c) Principal = § = G+" > (+a 


i = (19004 59)% — 1 = 0.0935 = 9.35% 


ANNUITIES 


An annuity is a series of equal payments occurring at equal time inter- 
vals. Payments of this type can be used to pay off a debt, accumulate a 
desired amount of capital, or receive a lump sum of due capital in periodic 
installments as in some life-insurance plans. Engineers often encounter 
annuities in depreciation calculations, where the decrease in value of equip- 
ment with time is accounted for by an annuity plan. 

The common type of annuity involves payments which occur at the end 
of each interest period. ‘This is known as an ordinary annuity.* Interest is 
paid on all accumulated amounts, and the interest is compounded each 
payment period. An annuity term is the time from the beginning of the 
first payment period to the end of the last payment period. The amount 
of an annuity is the sum of all the payments plus interest if allowed to 
accumulate at a definite rate of interest from the time of initial payment 
to the end of the annuity term. 

Relation between Amount of Ordinary Annuity and the Periodic Pay- 
ments. Let A represent the uniform periodic payment made during n 
periods in an ordinary annuity. The interest rate based on the payment 
period is 7, and S is the amount of the annuity. The first payment of F is 
made at the end of the first period and will bear interest for n — 1 


* For a discussion of the relative merits of ordinary annuities and annuities due as 
; : . song. & Y y QF ORF 
applied in chemical engineering calculations, see Chem. Eng., 62(12):350 (1955). 
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periods. Thus, at the end of the annuity term, this first payment will 
have accumulated to an amount of R(1 + 7)"—*. The second payment of 
R is made at the end of the second period and will bear interest for n — 2 
periods giving an accumulated amount of R(1 + 1)"—*, Similarly, each 
periodic payment will give an additional accumulated amount until the 
last payment of R is made at the end of the annuity term. 

By definition, the amount of the annuity is the sum of all the accumu- 
lated amounts from each payment; therefore, 


S=Rit+ aa ie +RA+ rye 
+RA +2" 3+---+R1+7)+R (10) 


To simplify Eq. (10), multiply each side by (1 + 2) and subtract Eq. 
(10) from the result. This gives 


Si=R1+17)*—R (11) 
1+7)"-1 
or S= ppccma ites 2 (12) 
a 
Gist a) en 
The term ————————- is commonly designated as the series-amount factor 


a 
or the future-worth factor. 

Present Value of an Annuity. The present value of an annuity is defined 
as the principal which would have to be invested at the present time at 
compound interest rate 7 to yield a total amount at the end of the annuity 
term equal to the amount of the annuity. Let P represent the present 
value of an ordinary annuity. Combining Eq. (5) with Eq. (12) gives 


(1+ 12)"-1 
Lt ree ee (13) 
a(1 + 2)” 
Spin A eggs Bee be , 
The expression a is sometimes referred to as the series present- 
2 1 


value factor. 


Example 3. Application of Annuities in Determining Amount of Depreciation. A 
piece of equipment has an initial installed value of $12,000. It is estimated that its 
useful life period will be 10 years and its scrap value at the end of the useful life will 
be $2000. The depreciation will be charged as a cost by making equal charges each 
year, the first payment being made at the end of the first year. The depreciation fund 
will be accumulated at an annual interest rate of 6 per cent. At the end of the life 
period, enough money must have been accumulated to account for the decrease in equip- 
ment value. Determine the yearly cost due to depreciation under these conditions. 

Note: This method for determining depreciation is based on an ordinary annuity and is 
known as the sinking-fund method. 
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Solution 


This problem is a typical case of an ordinary annuity. Over a period of 10 years, 
equal payments must be made each year at an interest rate of 6 per cent. After 10 years, 
the amount of the annuity must be equal to the total amount of depreciation. 

Amount of annuity = S 

Total amount of depreciation = $12,000 — $2000 = $10,000 

Equal payments per year = R = yearly cost due to depreciation 

Number of payments = n = 10 

Annual interest rate = 7 = 0.06 

From Eq. (12) 


Hee fe 810, DOS 


G+a"-1 (1.06) — 4 = $759 per year 


Yearly cost due to depreciation = $759 


Special Types of Annuities. One special form of an annuity requires 
that payments be made at the beginning of each period instead of at the 
end of each period. This is known as an annuity due. An annuity in 
which the first payment is due after a definite number of years is called a 
deferred annuity. Determination of the periodic payments, amount of 
annuity, or present value for these two types of annuities can be accom- 
plished by methods analogous to those used in the case of ordinary an- 
nuities.* 

Perpetuities and Capitalized Costs 

A perpetuity is an annuity in which the periodic payments continue in- 
definitely. This type of annuity is of particular interest to engineers, for in 
some cases they may desire to determine a total cost for a piece of equip- 
ment or other asset under conditions which permit the asset to be replaced 
perpetually. 

Consider the example in which the original cost of a certain piece of 
equipment is $12,000. The useful-life period is 10 years, and the scrap 
value at the end of the useful life is $2000. The engineer reasons that this 
piece of equipment, or its replacement, will be in use for an indefinitely 
long period of time, and it will be necessary to supply $10,000 every 10 
years in order to replace the equipment. He therefore wishes to provide 
a fund of sufficient size so that it will earn enough interest to pay for the 
periodic replacement. If the annual interest rate is 6 per cent, this fund 
would need to be $12,650. At 6 per cent interest compounded annually, 
the fund would amount to ($12,650) (1 + 0.06)!° = $22,650 after 10 years. 
Thus, at the end of 10 years, the equipment can be replaced for $10,000 
and $12,650 will remain in the fund. This cycle could now be repeated 
indefinitely. If the equipment is to perpetuate itself, the theoretical 
amount of total capital necessary at the start would be $12,000 for the 


* For further information, see B. M. Woods and E. P. DeGarmo, “Introduction to 
r Taemills \ ‘ Tew York 95 
Engineering Economy,” 2d ed., The Macmillan Company, New York, 1953, 


36 PLANT DESIGN AND ECONOMICS FOR CHEMICAL ENGINEERS 


equipment plus $12,650 for the replacement fund. The total capital deter- 
mined in this manner is called the capitalized cost. Engineers use capitalized 
costs principally for comparing alternative choices. * 

In a perpetuity, such as in the preceding example, the amount required 
for the replacement must be earned as compounded interest over a given 
length of time. Let P be the amount of present principal (i.e., the present 
value) which can accumulate to an amount S during m interest periods at 
periodic interest rate 7. Then, by Eq. (5), 

S= P+)" (5) 

If perpetuation is to occur, the amount S accumulated after » periods 
minus the cost for the replacement must equal the present value P. There- 
fore, letting Cr represent the replacement cost, 

P=S —Cpr (14) 

Combining Eqs. (5) and (14), 

Cr 
P = —————" 
(1+72)"-—1 

The capitalized cost is defined as the original cost of the equipment plus 
the present value of the renewable perpetuity. Designating K as the capi- 
talized cost and Cy as the original cost of the equipment, 
ie tee 

(d+2)"-—1 

Example 4. Determination of Capitalized Cost. A new piece of completely installed 
equipment costs $12,000 and will have a scrap value of $2000 at the end of its useful 


life. If the useful-life period is 10 years and the interest is compounded at 6 per cent 
per year, what is the capitalized cost of the equipment? 


(15) 


K =e Cy (16) 


Solution 


The cost for replacement of the equipment at the end of its useful life (assuming costs 
unchanged) = $12,000 — $2000 = $10,000. 





By Eq. (16) C 
1 . . a] “R 
Capitalized cost = Cy + ado 21 
where Cy = $12,000 
Cr = $10,000 
t = 0.06 
n= 10 
$10,000 


Capitalized cost = $12,000 + 





(1 + 0.06)! — 1 
= $12,000 + $12,650 = $24,650 
*For further discussion of capitalized costs used in engineering, see Chap. 6 and 
F. C. Jelen, Chem. Eng., 61(2):199 (1954); 61(6):407 (1954); 62(8):181 (1955); 62(12): 


183, 350 (1955); 63(5):165 (1956); 63(6):247 (1956); and Chem. Eng. Progr., 52:413 
(1956). ' dae 
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Example 5. Comparison of Alternative Investments Using Capitalized Costs. A re- 
actor, which will contain corrosive liquids, has been designed. If the reactor is made 
of mild steel, the initial installed cost will be $5000, and the useful-life period will be 
3 years. Since stainless steel is highly resistant to the corrosive action of the liquids, 
stainless steel, as the material of construction, has been proposed as an alternative to 
mild steel. The stainless-steel reactor would have an initial installed cost of $15,000. 
The scrap value at the end of the useful life would be zero for either type of reactor, and 
both could be replaced at a cost equal to the original price. On the basis of equal capi- 
talized costs for both types of reactors, what should be the useful-life period for the 
stainless-steel reactor if money is worth 4 per cent compounded annually? 


Solution 


By Eq. (16), the capitalized cost for the mild-steel reactor is 


ee en Cr = $5000 + — $5000 
tur (tate t a (1 + 0.04)? — 1 


K = $5000 + $40,030 = $45,030 


Therefore, the capitalized cost for the stainless-steel reactor must also be $45,030. 
For the stainless-steel reactor 


0=C 2 gs 000s 
Peat gre ee ee oyna 


Solving algebraically for n, 
n = 10.4 years 


Thus, the useful-life period of the stainless-steel reactor should be 10.4 years for the 
two types of reactors to have equal capitalized costs. If the stainless-steel reactor would 
have a useful life of more than 10.4 years, it would be the recommended choice, while 
the mild-steel reactor would be recommended if the useful life using stainless steel were 


less than 10.4 years. 


COSTS DUE TO INTEREST ON INVESTMENT 


Money, or any other negotiable type of capital, has a time value. . When 
a business concern invests money, it expects to receive a return during the 
time the money is tied up in the investment. The amount of return de- 
manded usually depends on the degree of risk that the entire investment 
might be lost. 

One of the duties of a design engineer is to determine the net return or 
profit which can be obtained by making an investment. It is necessary, 
therefore, to find the total cost involved. ‘Too often, the engineer fails to 
recognize the time value of money and neglects the effects of interest on 
cost. According to the modern definition of interest, the cost due to time 
value of an investment should be included as interest if any portion of the 
total capital investment comes from outside sources. 
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Borrowed Capital versus Owned Capital. The question sometimes 
arises as to whether interest on owned capital can be charged as a true 
cost. The modern definition of interest permits a definite answer of ‘“‘no”’ 
to this question. Court decisions and income-tax regulations verify this 
answer. 

Interest Effects in a Small Business. In small business establishments, 
it is usually quite easy to determine the exact source of all capital. There- 
fore, the interest costs can be obtained with little difficulty. For example, 
suppose that a young chemical engineer has $20,000 and he decides to set 
up a small plant for producing antifreeze from available raw materials. If 
his working capital plus fixed-capital investment is $20,000, he finds he can 
invest his own money and make a total yearly profit of $8000 before income 
taxes. In this case, interest obviously could not be included as a cost. If 
it had been necessary to borrow the $20,000 at an annual interest rate of 
6 per cent, interest would have been a cost, and the total profit would 
have been $8000 — (0.06) ($20,000) = $6800 per year. 

Interest Effects in a Large Business. In large business establishments, 
new capital may come from issue of stocks and bonds, borrowing from 
banks or insurance companies, funds set aside for replacement of worn-out 
or obsolete equipment, profits received but not distributed to the stock- 
holders, and other sources. Therefore, it is often difficult to designate the 
exact source of new capital, and the particular basis used for determining 
interest costs should be indicated when the results of a cost analysis are 
reported. 

An approximate breakdown showing the various sources of new capital 
for large corporations is presented in Table 2. 


TaBLE 2. Source or New CapiraL FoR CorPoRATIONS * 





Approximate 
amount of 
total new 
capital, % 


Source of capital 





External financing (loans from banks or other con- 


cerns, issue of stocks and bonds)................ 25 
Profits earned but not distributed to stockholders 

as dividends.) ¢ cc. yee aon eee ee ee 32 
Depreciation funds set aside..................... 24 





Miscellaneous: 3.45. ..23 ae es eee ae 19 


eee ee ee eee 
* ot} € o¢ 1 ¢ . : . 
National Industrial Conference Board, “Profits in Perspective,” p. 25, May 21-22 
ue I » p. 25, May 21-22, 
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Source of Capital 


One source of new capital is outside loans. Interest on such loans is 
usually at a fixed rate, and the annual cost can be determined directly. 

New capital may also be obtained from the issue of bonds, preferred 
stock, or common stock. Interest on bonds and preferred-stock dividends 
must be paid at fixed rates. A relatively low interest rate is paid on bonds 
because the bondholder has first claim on earnings, while higher rates are 
paid on preferred stock because the holder has a greater chance to lose his 
entire investment. The holder of common stock accepts all the risks in- 
volved in owning a business. The return on common stock, therefore, is 
not at a fixed rate but varies depending on the success of the company 
which issued the stock. To compensate for this greater risk, the return on 
common stock may be much higher than that on bonds or preferred stock. 

Income-tax Effects. The effect of high income-tax rates on the cost 
of capital is very important. In determining income taxes, interest on 
loans and bonds can be considered as a cost, while the return on both pre- 
ferred and common stock cannot be included as a cost. Since corporate 
income taxes can amount to more than half of the gross earnings, the 
source of new capital may have a considerable influence on the net 
profits. 

If the annual income-tax rate for a company is 52 per cent, every dollar 
spent for interest on loans or bonds would have a true cost after taxes of 
only 48 cents. Thus, after income taxes are taken into consideration, a 
bond issued at an annual interest rate of 3 per cent would actually have 
an interest rate of only 3 X 484909 = 1.44 per cent. On the other hand, 
the dividends on preferred stock must be paid from net profits after taxes. 
If preferred stock has an annual dividend rate of 4 per cent, the equivalent 
rate before taxes would be 4 & 199g = 8.33 per cent. 


TaBLe 38. TyprcaL Costs ror EXTERNALLY FINANCED CAPITAL 


Income tax rate = 52% of (total income — total pretax cost) 














Indicated Actual interest Actual interest 
Source of capital interest or or dividend or dividend 
dividend rate, | rate before taxes, | rate after taxes, 
%/year %/year %o/year 
POI ear eae Te a ios 3 3 1.44 
Bank or other loans........... 4 4 1.92 
Preferred Btock.s. 555 avd eae 4 8.33 4 
Common BLOG: 2 5 665.053 23.0 2 0 16.66 8 








40 PLANT DESIGN AND ECONOMICS FOR CHEMICAL ENGINEERS 


Despite the fact that it may be cheaper to use borrowed capital in place 
of other types of capital, it is unrealistic to finance each new venture by 
using borrowed capital. Every corporation needs to maintain a balanced 
capital structure and is therefore hesitant about placing itself under a 
heavy burden of debt. 

A comparison of interest or dividend rates for different types of externally 
financed capital is presented in Table 3. 


Methods for Including Cost of Capital in Economic Analyses 


The cost of new capital obtained from bonds, loans, or preferred stock 
‘an be determined directly from the stated interest or dividend rate, 
adjusted for income taxes. However, the cost of new capital obtained 
from the issue of common stock is not so obvious, and some basis must be 
set for determining this cost. Probably the fairest basis is to consider the 
viewpoint of existing holders of common stock. If new common stock is 
issued, its per cent return should be at least as much as that obtained 
from the old common stock; otherwise, the existing stockholders would re- 
ceive a lower return after the issue of the new stock. Therefore, from the 
viewpoint of the existing stockholders, the cost of new common stock is 
the present rate of common-stock earnings. * 

A major source of new capital is from internal capital, including, pri- 
marily, undistributed profits and depreciation funds. Since this definitely 
is owned capital, it is not necessary to consider interest as a cost. How- 
ever, some concerns prefer to assign a cost to this type of capital, particu- 
larly if comparisons of alternative investments are to be made. The rea- 
soning here is that the owned capital could be loaned out or put into other 
ventures to give a definite return. 

Two methods are commonly used for determining the cost of owned 
capital. In the first method, the capital is charged at a low interest rate 
on the assumption that it could be used to pay off funded debts or invest 
in risk-free loans. The second method requires interest to be paid on the 
owned capital at a rate equal to the present return on all the company’s 
capital. 

Design-Engineering Practice for Interest and Investment Costs. Many 
alternative methods are used by engineers when determining interest costs 
in an economic analysis of a design project. In preliminary designs, one 
of the following two methods is usually employed: 

1. No interest costs are included. This assumes that all the necessarv 
capital comes from owned capital, and any comparisons to alternative 
investments must be on the same basis. 

2. Interest is charged on the total capital investment at a set interest 
rate. Low rates, equivalent to those charged for bank loans or bonds, are 


* For further discussion on this matter, see W. Buell, Chem. Eng., 61(5):183 (1954) 
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usually employed. Under these conditions, the total profit represents the 
increase over the return that would be obtained if the company could 
invest the same amount of money in an outside loan at the given interest 
rate. 

As the design proceeds to the final stages, the actual source of the new 
capital should be considered in detail, and more refined methods for deter- 
mining interest costs can be used. 

There is some question as to whether interest costs should be based on 
the initial investment or on the average investment over the life of the 
project. Although this is a debatable point, the accepted design practice 
is to base the interest costs on the initial investment. 

Because of the different methods used for treating interest as a cost, a 
definite statement should be made concerning the particular method em- 
ployed in any given economic analysis. Interest costs become especially 
important when making comparisons among alternative investments. 
These comparisons, as well as the over-all cost picture, are simplified if the 
role of interest in the economic analysis is clearly defined. 


NOMENCLATURE FOR CHAP. 3 


Cr = cost for replacement of equipment or other asset, dollars 

original cost of equipment or other asset, dollars 

d = number of days in an interest period, days 

interest rate based on the length of one interest period, per cent/100 

exact interest rate based on an interest period of 1 year, 


Q 
- 
ll 


~ 





i, = effective interest rate 
per cent/100 

T = total amount of interest during n interest periods, dollars 

j = nominal interest rate—approximate interest rate based on an interest period of 
1 year, per cent/100 

K = capitalized cost, dollars 

m = number of interest periods per year 

n = number of time units or interest periods 

P = principal or present value of capital on which interest is paid, dollars 

R = uniform periodic payments made during n periods in an ordinary annuity, 
$/period. 

S = amount of principal or present value plus interest due after n interest periods, 


dollars 


PROBLEMS 


1. It is desired to have $9000 available 12 years from now. If $5000 is available for 
investment at the present time, what annual rate of compound interest on the invest- 
ment would be necessary to give the desired amount? 

2. What will be the total amount available 10 years from now if $2000 is deposited 
at the present time with nominal interest at the rate of 6 per cent compounded semi- 
annually? 

3. An original loan of $2000 was made at 4 per cent simple interest per year for 4 


years. At the end of this time, no interest had been paid and the loan was extended 


42 PLANT DESIGN AND ECONOMICS FOR CHEMICAL ENGINEERS 


for 6 more years at a new, compound interest rate of 6 per cent per year. What is the 
total amount owed at the end of the 10 years if no intermediate payments are made? 

4. A concern borrows $50,000 at an annual compound interest rate of 6 per cent. 
The concern wishes to pay off the debt in 5 years by making equal payments at the 
end of each year. How much will each payment have to be? 

5. The original cost for a distillation tower is $24,000, and the useful life of the tower 
is estimated to be 8 years. The sinking-fund method for determining the rate of de- 
preciation is used (see Example 3), and the annual interest rate for the depreciation 
fund is 4 per cent. If the scrap value of the distillation tower is $4000, determine the 
asset value (i.e., total book value of equipment) at the end of 5 years. 

6. An annuity due is being used to accumulate money. Interest is compounded at 
an annual rate of 5 per cent, and $1000 is deposited at the beginning of each year. 
What will the total amount of the annuity due be after 5 years? 

7. A heat exchanger has been designed for use in a chemical process. A standard 
type of heat exchanger with a negligible scrap value costs $1000 and will have a useful 
life of 6 years. Another proposed heat exchanger of equivalent design capacity costs 
$1700 but will have a useful life of 10 years and a scrap value of $200. Assuming a 
compound interest rate of 5 per cent per year, determine which heat exchanger is 
cheaper by comparing the capitalized costs. 

8. A new storage tank can be purchased and installed for $10,000. This tank would 
last for 10 years. A worn-out storage tank of capacity equivalent to the new tank is 
available, and it has been proposed to repair the old tank instead of buying the new 
tank. If the tank were repaired, it would have a useful life of 3 years before the same 
type of repairs would be needed again. Neither tank has any scrap value. Money is 
worth 4 per cent compounded annually. On the basis of equal capitalized costs for the 
two tanks, how much can be spent for repairing the existing tank? 

9. The total investment required for a new chemical plant is estimated at $2 million. 
Fifty per cent of the investment will be supplied from the company’s own capital. Of 
the remaining investment, 50 per cent will come from a loan at an annual interest rate 
of 4 per cent and the other 50 per cent will come from an issue of preferred stock pay- 
ing dividends at a stated rate of 4 per cent annually. The income-tax rate for the com- 
pany is 47 per cent of pretax earnings. Under these conditions, how many dollars per 
year does the company actually lose (i.e., after taxes) by issuing preferred stock at 4 
per cent dividends instead of bonds at an annual interest rate of 3 per cent? 

10. It has been proposed that a company invest $1 million in a venture which will 
yield a gross income of $1 million per year. The total annual costs will be $800,000 per 
year including interest on the total investment at an annual rate of 6 per cent. In an 
alternative proposal, the company can invest a total of $600,000 and receive annual 
net earnings (before income taxes) of $220,000 from the venture. In this case, the net 
earnings were determined on the basis of no interest costs. The company has $1 mil- 
lion of its own which it wishes to invest, and it can always obtain a 4 per cent annual 
interest rate by loaning out the money. What would be the most profitable way for 
the company to invest its $1 million? 


CHAPTER 4 


TAXES AND INSURANCE 


Expenses for taxes and insurance play an important part in determining 
the economic situation for any industrial process. Since modern taxes may 
amount to a major portion of a concern’s earnings, it is essential for the 
design engineer to understand the basic principles and factors underlying 
taxation. Insurance costs ordinarily are only a small part of the total 
expenditure involved in an industrial operation; however, adequate insur- 
ance coverage is necessary before any operation can be carried out on a 
sound economic basis. 

Taxes are levied to supply funds to meet the public needs of a govern- 
ment, while insurance is required for protection against certain types of 
emergencies or catastrophic occurrences. Insurance rates and tax rates 
can vary considerably for business concerns as compared to the rates for 
individual persons. The information presented in this chapter applies gen- 
erally to large business establishments. 


TYPES OF TAXES 


Taxes may be classified into three types: (1) property taxes, (2) excise 
taxes, and (3) income taxes. These taxes may be levied by the Federal 
government, state governments, or local governments such as those con- 
nected with a county, city, or town. 

Property Taxes. Local governments usually have jurisdiction over 
property taxes, which are commonly charged on a county basis. In addi- 
tion to these, individual cities and towns may have special property taxes 
for industrial concerns located within the city limits. 

Property taxes vary widely from one locality to another, but the average 
annual amount of these charges is 1 to 4 per cent of the assessed valuation. 
Taxes of this type are referred to as direct since they must be paid directly 
by the particular concern and cannot be passed on as such to the con- 
sumer. 

Excise Taxes. Jzcise taxes are levied by Federal and state govern- 
Federal excise taxes include charges for import customs duties, 
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transfer of stocks and bonds, and a large number of other similar items. 
Manufacturers’ and retailers’ excise taxes are levied by Federal and state 
governments on the sale of many products such as gasoline and alcoholic 
beverages. Taxes of this type are often referred to as indirect since they 
‘an be passed on to the consumer. Many business concerns must also pay 
excise taxes for the privilege of carrying on a business or manufacturing 
enterprise in their particular localities. 

Income Taxes. In general, income taxes are based on gross earnings, 
which are defined as the difference between total income and total product 
cost. Revenue from income taxes is an important source of capital for 
both Federal and state governments. National and state laws are the basis 
for these levies, and the laws change from year to year. State income 
taxes vary from one state to another and are a function of the total income 
for individual concerns. Depending on the particular state and the exist- 
ing laws, state income taxes may range from 0 to 5 per cent or more of 
gross earnings. 


FEDERAL INCOME TAXES 


The Federal government has set up an extremely complex system for 
determining income taxes for business establishments. New laws are 
added and old laws are changed each year, and it would be impossible to 
present all the rules and interpretations in a few pages.* Accordingly, this 
section will deal only with the basic pattern of Federal income-tax regula- 
tions and give the methods generally used for determining Federal income 
taxes. It should be emphasized strongly that the final determination of 
income-tax payments should be made with the aid of legal and accounting 
tax experts. 

The corporate income-tax rate in the United States has varied widely 
during the past 50 years. During the period from 1913 to 1935 the tax 
rate based on gross earnings increased from 1 to 13.75 per cent. In 1938, 
the rate was increased to 19 per cent, and, during the Second World War, 
it was 40 per cent plus an excess-profits tax. In 1946, the standard income- 
tax rate for corporations was reduced to 38 per cent, but the rate was in- 
creased to 42 per cent in 1950 plus an excess-profits tax. During the 
Korean War, the rate was 52 per cent plus an excess-profits tax which 
could make an over-all tax rate of 70 per cent on gross earnings. In 1956, 
the corporation income-tax rate was 52 per cent. Table 1 shows the 
standard tax rates for corporations during the period 1929 to 1956. 


* s » » » © . , 1 s > »y* mm p > , , ; 

. A complete manual entitled Federal Tax Regulations giving the latest tax laws 
with interpretations and example cases is put out yearly through the U.S. Code Congres- 
im ; ee mA T : Tied ) Ce Tec ‘ . ee 
sional and Administrative News, West Publishing Co., St. Paul, Minn., and Edward 
Thompson Co., Brooklyn, N.Y. 
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TaBLeE 1. Nationa Taxes on CorpoRATION PROFITS 
Soe | a ee ee ee See 








Regular | Effective limit 
Rone tax with wartime 
rate, excess-profits 
% tax, % 
United States: 
Wt EE ee Oe oe ae 11 
ADAP L OS Len hy as ie 12 
yy cao OS oe 13.75 
DOS first 4 ain tak say ors 15 
MGB S 5 LISUSS ams sate ok Ie 19 
a rei vy aa, Ste eee 2 24 
LSS Fete eds ee vas x 31 
RS eg ROS Ae eee 40 80 
LAS 2 Ne 2 Os en a ae 40 72 
Boat LOAD i ee Re 38 
LOD See hornet ha as 42 52 
1061 a, A nes Ree 50.75 68 
LOBZRAODS tick he asters « aiavene 52 70 
Are ie ee NS et es 52 
Dt ha a Oh gn ein Nala Bade 52 
ANE geeee BE Ping os siege Sah cide 52 
Britain: 
DOD Aer a aan eter ene 47.5 
Canada: 
MOG ACe cgtea Pa ¥ detach tain oe ets 45 
Western Germany: 
WORE rerec dtl sas < SS 45 


The preceding figures indicate the wide variations in income-tax rate 
caused by national emergencies, the prevailing economic situation, and the 
desires of the lawmakers in power at any particular time. Figure 4-1 pre- 
sents a graphical representation showing the changes in income-tax rates 
for a typical chemical company from 1943 to 1955. 

Many industries have special tax exemptions because of the type of 
product, market, or service involved in their business, or because the gov- 
ernment wishes to offer particular support and inducement to concerns 
producing essential materials. For example, in the high-tax year of 1951, 
the average tax rate for 10 major petroleum-processing plants was only 
36.6 per cent of the gross income, but the average rate was 62 per cent for 
27 major companies producing basic and intermediate chemicals.* Table 2 


* Financial Records of 100 Chemical Process Companies, Ind. Eng. Chem., 46:1094 


(1954). 
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presents a comparison of income-tax rates at different times for various 
types of chemical industries. 

Normal Tax. A so-called normal tax is levied by the Federal govern- 
ment on the gross earnings of corporations. This tax is at a rate set by 
the national lawmakers. In 1956, the normal tax in the United States was 
30 per cent of gross earnings. 

Surtax. In addition to the normal tax, corporations must pay a second 
Federal income tax on all gross earnings above a certain base limit. This 
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Fig, 4-1. Example of variation in income-tax rate with time for a chemical company. 
(Based on annual reports by Chas. Pfizer and Company, Inc.) ; 


additional tax is known as a surtax. The base limit was $25,000 per year 
in 1956, and the surtax on all earnings above this limit was at a rate of 22 
per cent. 

Excess-profits Tax. During times of national emergency, certain types 
of business concerns can realize an extremely high income. This is true in 
particular for concerns producing military necessities during wartime. An 
excess-profits tax is levied, therefore, to supply the national government 
with part of these profits. 

The system for determining excess-profits taxes is extremely complex. 
In general, the amount of the tax is based on the normal past earnings of 
a concern or on the total capital investment. Special provisions are made 
for new corporations or for concerns which do not have a normal past his- 
tory to use as a basis. 
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TaBLe 2. FerpERAL INcomE-TAx RATES FoR VARIOUS Types or INpustRIEs * 
ee, 


Average gross | Federal 

; earnings per | income 

Type and number of companies | Year | company, in | tax, % 
thousands of gross 





of dollars earnings 

Chemical—basic- and intermedi- | 1939 8,650 sy, 2 
ate-chemicals manufacture (27, | 1951 54,400 62.0 
30 companies in 1954 and 1955) | 1952 47 ,000 58.5 
1953 49,700 57.8 

1954 41,600 44.7 

1955 56 , 600 45.4 

Chemical processes—application of | 1939 6,520 19.0 
chemical-engineering processes | 1951 31,200 59.1 
during manufacturing operation | 1952 26 , 500 55.8 
(24, 20 companies in 1954 and | 1953 28 , 900 56.1 
1955) 1954 34,500 50.4 
1955 40 , 500 57.3 

Drug and pharmaceutical—medic- | 1939 3,770 19.7 
inal chemical and pharmaceuti- | 1951 24,000 58.9 
cals preparation and manufac- | 1952 17,600 51.8 
ture (11, 12 companies in 1954 | 1953 18,200 D2ed 
and 1955) 1954 17,600 46.2 
1955 23 , 800 47.5 

Extraction and mining—ore and | 1939 1,860 l5ea 
mineral extraction (13, 12 com- | 1951 13,200 51:0 
panies in 1954 and 1955) 1952 11,700 43.2 
1953 13 , 200 45.0 

1954 14,900 39.2 

1955 17,500 39.7 

Petroleum—oil and_ natural-gas | 1939 28 , 500 14.8 
production and refining (10, 11 | 1951 237 ,000 36.6 
companies in 1954 and 1955) 1952 206 , 000 28.6 
1953 225 ,000 30.2 

1954 212,000 26.3 

1955 253 ,000 28.5 

Pulp and paper manufacture (7 | 1939 2,020 18.8 
companies) 1951 30,800 56.0 
1952 26 , 500 54.1 

1953 23 ,300 49.2 

1954 26 , 800 49.3 

1955 34,400 47.6 

Rubber—rubber and rubber-prod- | 1939 10 ,000 16.1 
ucts manufacture (4 companies) | 1951 112,600 66.7 
1952 92,500 61.5 

1953 93 , 100 56.3 

1954 75,700 48.8 

1955 103 ,000 52.7 

Synthetic fibers—rayon and other | 1939 4,300 18.1 
synthetic-fibers manufacture (4 | 1951 38 , 800 59.4 
companies) 1952 22,600 50.0 
1953 19,200 50.8 

1954 13 ,900 46.9 

1955 26 , 600 49.6 


NR a Re Oe 
* Based on Financial Records of 100 Chemical Process Companies, Ind. Eng. Chem., 
46:1094 (1954); Chem. Eng. News, 34:5641 (1956). 
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The excess-profits taxes are very unpopular with businessmen, and there 
is always considerable opposition to the levying of these taxes. Many 
articles have been written concerning the detrimental effects of excess- 
profits taxes and income taxes in general. * 

Capitai-gains Taxes. A capital-gains tax is levied on profits made 
from the sale of capital assets, such as land, buildings, or equipment. When 
the capital asset is sold after being held in possession for more than 6 
months, the profit is known as a long-term capital gain. In 1956, the tax 
rate on long-term capital gains was 25 per cent. 

Tax Returns. Income-tax returns may be reported on a cash basis or 
on an accrual basis. When the cash basis is used, only money actually 
received or paid out during the year is reported. With the accrual method, 
income and expenses are included as of the time they were incurred, even 
though final payment has not yet been made. 

Returns may be based on a standard calendar year or on a fiscal year. 
Any date may be chosen as the end of the fiscal year, and it is usually ad- 
visable to choose a time when the work of assembly and determination of 
the tax will be the most convenient. The tax payment itself may be made 
in installments. In 1955, the payment could be in two equal installments 
with the first payment due on the fifteenth day of the third month after 
the end of the taxable year and the second payment due 3 months later. 
Tax payments may also be made on the basis of estimated income taxes 
for the current year.t 


OTHER TAXES 


The Federal Insurance Contribution Act levies a social security tax on 
most employers and also requires a certain percentage of employees’ wages 
to be withheld. Special local assessments for tax purposes are often en- 
countered, and concerns doing business in foreign countries must pay taxes 
based on the laws of the foreign countries involved. 

The question sometimes arises in cost accounting whether certain service 
charges and license fees can be considered as taxes. If the charge can be 
regarded as part of a public duty to support government, it is legally cor- 
rect to designate the charge as a tax. When the exaction is for a service 
and the amount charged is a reasonable fee for the service actually re- 
ceived, the cost cannot be considered as a tax. Fees for building permits, 
government inspections, formation of corporations, bridge and road tolls, 
and certain types of licenses cannot be charged as taxes because the pri- 


*C. G, Kirkbride, Chem. Eng. Progr., 48:44 (1952): 60:542 (1954). 
} For an outline of regulations on pay-as-you-go income taxes, see U.S. News and 
World Report, July 8, 1955, p. 96. 
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mary purpose of these fees is to serve for control and regulation rather 
than to support government. 

. If a corporation is organized by an individual for the purpose of avoiding 
high personal-income taxes, the organization is classed as a personal-holding 
company, and special tax rates apply. The amount of income tax which 
must be paid by a private business exceeds that required of an equivalent 
corporation at surprisingly small gross earnings. Consequently, a private 
business should make a periodic analysis of the advantages and disadvan- 
tages of becoming incorporated. 


INSURANCE 


The annual insurance cost for ordinary industrial concerns is approxi- 
mately 1 per cent of the capital investment. Despite the fact that insur- 
ance costs may represent only a small fraction of total costs, it is necessary 
to consider insurance requirements carefully to make certain the economic 
operation of a plant is protected against emergencies or unforeseen develop- 
ments. 

The design engineer can aid in reducing insurance requirements if he 
understands the factors which must be considered in obtaining adequate 
insurance. In particular, the engineer should be aware of the different 
types of insurance available and the legal responsibilities of a concern with 
regard to accidents or other unpredictable emergencies. 


Legal Responsibility 


A concern can obtain insurance to protect itself against loss of property 
owing to any of a number of different causes. In case a property loss 
occurs and the loss is covered by insurance, payment will be made for the 
damage even though the loss was caused by the owner’s negligence. 

Protection against unforeseen emergencies, other than direct property 
loss, can also be obtained through insurance. For example, injuries to 
employees or persons near the danger area may occur due to a fire or ex- 
plosion, and the concern involved should have insurance adequate to 
handle claims made in these cases. It is, of course, impossible to insure 
against every possible emergency, but it is necessary to consider the results 
of a potential occurrence, and the legal responsibility for various types of 
events should be understood. The payments required for settling a case 
in which legal responsibility has been proved may be much greater than 
any costs due to direct property damage. 

An assumed liability is one which the concern accepts in the form of a 
written contract or statement, while a legal liability is always in effect 
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whether or not it is stated in writing. Legal liabilities include civil respon- 
sibility for events occurring because of damage or injuries due to negli- 
gence. A stronger type of legal liability is known as criminal liability. 
This is involved in cases where gross negligence or reckless disregard for 
the life and property of others is claimed. 

The design engineer should be familiar with the legal aspects of any laws 
or regulations governing the type of plant or process involved in a design. 
In case of an accident, failure to comply with the definite laws involved is 
a major factor in fixing legal responsibility. Compliance with all existing 
laws, however, is not a sufficient basis for disallowance of legal liability. 
Every known safety feature should be included and extraordinary care in 
the complete operation must be proved before a good case can be presented 
for disallowing legal liability. 

Many contracts include hold-harmless agreements wherein the legal re- 
sponsibility for an accident or other type of event is indicated as part of 
a written agreement. Any new lease or contract should be examined by 
an expert to make certain all hold-harmless agreements are clearly stated 
and understood by both parties. 

Any concern producing a product which may be dangerous to life or 
property has a legal responsibility to indicate the potential hazard by use 
of warning labels or other protective methods. The manufacturer must 
supply safe shipping containers and make certain that any hazards involved 
in their handling or use are clearly indicated. Legal liability also holds for 
defective or misrepresented products. 

A manufacturing establishment may have on its property some object 
which would be highly attractive as a place for children to play. Two 
examples would be a quarry pit and a sand pile. An object of this type 
is known as an attractive nuisance, and the concern may be liable for in- 
juries to children if the injuries are a result of their playing around or in 
the object. The liability would apply even though the children were obvi- 
ously trespassing. High fences or some other effective safety measure 
should be used to keep children from gaining admittance to an attractive 
nuisance. 

An industrial concern has a legal responsibility for property belonging 
to others as long as the property is on the concern’s premises. This re- 
sponsibility is known as a bailee’s liability. The property may be stored 
equipment or materials, finished products, or products in process. If the 
property is damaged or destroyed, the bailee’s liability is roughly a func- 
tion of the degree of care used in safeguarding the property. In case the 
damaged or destroyed property is insured by the owner, the insurance com- 
pany will pay the claim; however, the insurance company can then exercise 
its subrogation rights and attempt to force the bailee to pay the full amount 
received by the owner. 
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Types of Insurance 


Many different types of insurance are available for protection against 
property loss or charges based on legal liability. Despite every precaution, 
there is always the possibility of an unforeseen event causing a sudden 
drain on a company’s finances, and an efficient management protects itself 
against such potential emergencies by taking out insurance. In order to 
make an intelligent analysis of insurance requirements for any kind of 
operation, it is necessary to understand the physical factors involved in 
carrying out the process and to be aware of the types of insurance avail- 
able.* 

The major insurance requirements for manufacturing concerns can be 
classified as follows: 

1. Fire insurance and similar emergency coverage on buildings, equip- 
ment, and all other owned, used, or stored property. Included in this 
category would be losses caused by lightning, wind- or hailstorms, floods, 
automobile accidents, explosions, earthquakes, and similar occurrences. 

2. Public-liability insurance, including bodily injury and property loss 
or damage, on all operations such as those involving automobiles, elevators, 
attractive nuisances, bailee’s charges, aviation products, or any company 
function carried on at a location away from the plant premises. 

3. Business-interruption insurance. The loss of income due to a business 
interruption caused by a fire or other emergency may far exceed any loss 
in property. Consequently, insurance against a business interruption of 
this type should be given careful consideration. 

4. Power-plant, machinery, and special-operations hazards. 

5. Workmen’s-compensation insurance. 

6. Marine and transportation insurance on all property in transit. 

7. Comprehensive crime coverage. 

8. Employee-benefit insurance, including life, hospitalization, accident, 
health, personal property, and pension plans. 

Self-insurance. On an average basis, insurance companies pay out 
loss claims amounting to 55 to 60 cents for each dollar received. The bal- 
ance is used for income taxes, salaries, commissions, administrative costs, 
inspection costs, and various overhead costs. Theoretically, a saving of 40 
to 45 cents per dollar paid for insurance could be achieved by self-insurance. 
If insurance requirements are great, this saving could amount to a very 
large sum, and it would be worthwhile to consider the possibilities of self- 
insurance. 

A careful analysis of all risks involved is necessary when considering 
self-insurance on possible losses or emergencies. The final decision should 

* For a detailed discussion of the different types of insurance, see J. H. Perry, “Chem- 
ical Business Handbook,’ McGraw-Hill Book Company, Inc., New York, 1954. 
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not be based on whether or not the insurable event will occur, since this is 
impossible to predict. Instead, the decision should be based on the total 
loss involved if the event or a series of such events were to occur. If an 
industrial concern has a number of widespread interests and sufficient 
funds available to handle simultaneous major losses in several of these 
interests, it might be reasonable to consider self-insurance on some of the 
potential hazards. On the other hand, if a single potential event could 
ruin the economic standing of the company, it would be very inadvisable 
to assume the risk involved in self-insurance. 

There are several different ways of applying self-insurance. One method 
involves depositing money equivalent to an insurance premium into a 
special company fund. This fund can then be used to handle any losses 
or emergencies which may occur. At the outset, this fund would be small 
and would be inadequate to handle any major losses. Consequently, if 
this method is used, it may be necessary to supply an original base fund 
or else assume a disproportionate amount of risk until the fund has built 
up to a practical value. Under ordinary conditions, the premiums paid 
into a self-insurance reserve are not tax-deductible. 

A second method may be used in which the company assumes all the 
risk and no payments are made into a reserve fund. This method is desig- 
nated as “‘self-assumption of risk.’’ Partial self-insurance may be obtained 
through the purchase of deductible insurance from regular agencies. The 
purchaser assumes the risk up to a certain amount and the insurance com- 
pany agrees to pay for any additional losses. 

The effects of income taxes should be considered when making a final 
decision regarding insurance. Since the premiums for standard insurance 
are tax-deductible, the actual cost after taxes for the protection may be 
much less than the direct premium charge. Another advantage of stand- 
ard insurance is the inspection services supplied by the insurance com- 
panies. These companies require periodic inspections by specialists to 
make certain that the insurance rates are adequate, and the reports of 
these inspectors often indicate new ideas or methods for increasing the 
safety of the operation. 

The over-all policies of the particular manufacturing concern dictate the 
type and amount of insurance which will be held. It should be realized, 
however, that a well-designed insurance plan requires a great deal of skilled 
and informed investigation by persons who understand all the aspects of 
insurance as well as the problems involved in the manufacturing operation. 


PROBLEMS 


1. The fixed-capital investment for an existing chemical plant is $20 million. An- 
nual property taxes amount to | per cent of the fixed-capital investment, and state in- 
come taxes are 5 per cent of the gross earnings. The net income per year after all taxes 
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is $2 million, and the Federal income taxes amount to 52 per cent of gross earnings. If 
the same plant had been constructed at a location where property taxes were 4 per 
cent of the fixed-capital investment and state income taxes were 2 per cent of the gross 
earnings, what would be the net income per year after taxes, assuming all other cost 
factors were unchanged? 

2. The gross earnings for a small corporation were $54,000 in 1955. What would 
have been the per cent reduction in Federal income taxes paid by the company if the 
proposed reduction of the normal tax from 30 to 25 per cent had been approved? (Sur- 
tax was 22 per cent of all gross earnings above $25,000.) 

3. During the period of one taxable year at a manufacturing plant, the total income 
on a cash basis was $21 million. Five million dollars of immediate debts due the com- 
pany was unpaid at the end of the year. The company paid out $15 million on a cash 
basis during the year, and all of this amount was tax-deductible as a product cost. 
The company still owed $3 million of tax-deductible bills at the end of the year. If the 
total Federal income tax for the company amounts to 48 per cent of the gross earnings, 
determine the amount of Federal income tax due for the year on a cash basis and also 
on an accrual basis. 

4. Complete fire and allied-coverage insurance for one unit of a plant requires an 
annual payment of $700 based on an investment value of $100,000. If income taxes over 
a 10-year period average 40 per cent of gross earnings, by how much is the net income, 
after taxes, reduced during this 10-year period owing to the cost of the insurance? 

5. Self-insurance is being considered for one portion of a chemical company. The 
fixed-capital investment involved is $50,000, and insurance costs for complete protec- 
tion would amount to $400 per year. If self-insurance is used, a reserve fund will be 
set up under the company’s jurisdiction, and annual insurance premiums of $300 will 
be deposited in this fund under an ordinary annuity plan. All money in the fund can 
be assumed to earn interest at a compound annual rate of 3 per cent. Neglecting any 
charges connected with administration of the fund, how much money should be de- 
posited in the fund at the beginning of the program in order to have enough money 
accumulated to replace a complete $50,000 loss after 10 years? 


CHAPTER 5 


DEPRECIATION 


An analysis of costs and profits for any business operation requires recog- 
nition of the fact that physical assets decrease in value with age. This 
decrease in value may be due to physical deterioration, technological ad- 
vances, economic changes, or other factors which ultimately will cause re- 
tirement of the property. The reduction in value due to any of these 
causes is a measure of the depreciation.* The economic function of de- 
preciation, therefore, can be employed as a means of distributing the origi- 
nal expense for a physical asset over the period during which the asset is 
in use. 

Because the engineer thinks of depreciation as a measure of the decrease 
in value of property with time, depreciation can immediately be considered 
from a cost viewpoint. For example, suppose a piece of equipment had 
been put into use 10 years ago at a total cost of $31,000. The equipment 
is now worn out and is worth only $1000 as scrap material. The decrease 
in value during the 10-year period is $30,000; however, the engineer recog- 
nizes that this $30,000 is in reality a cost incurred for the use of the equip- 
ment. This depreciation cost was spread over a period of 10 years, and 
sound economic procedure would require part of this cost to be charged 
during each of the years. The application of depreciation in engineering 
design, accounting, and tax studies is almost always based on costs prorated 
throughout the life of the property. 

Meaning of Value. From the viewpoint of the design engineer, the 
total cost due to depreciation is the original or new value of a property 
minus the value of the same property at the end of the depreciation period. 
The original value is usually taken as the total cost of the property at the 
time it is ready for initial use. In engineering design practice, the total 
depreciation period is ordinarily assumed to be the length of the property’s 


* According to the Bureau of Internal Revenue Code, depreciation is defined as “A 
reasonable allowance for the exhaustion, wear, and tear of property used in the trade 
or business, including a reasonable allowance for obsolescence.” The terms amortiza- 
tion and depreciation are often used interchangeably. Amortization is usually associated 
with a definite period of cost distribution, while depreciation usually deals with an un- 
known or estimated period over which the asset costs are distributed. 
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useful life, and the value at the end of the useful life is assumed to be the 
probable scrap or salvage value of the components making up the particu- 
lar property. 

It should be noted here that the engineer cannot wait until the end of 
the depreciation period to determine the depreciation costs. These costs 
must be prorated throughout the entire life of the property, and they must 
be included as an operating charge incurred during each year. The property 
value at the end of the depreciation period and the total length of the 
depreciation period cannot be known with certainty when the initial yearly 
costs are determined. Consequently, it is necessary to estimate the final 
value of the property as well as its useful life. In estimating the property 
life, the various factors which may affect the useful-life period, such as 
wear and tear, economic changes, or possible technological advances, 
should be taken into consideration. 

‘When depreciation is not used in a prorated-cost sense, various meanings 
can be attached to the word value. One of these meanings involves ap- 
praisal of both initial and final values on the basis of conditions at a certain 
time.” The difference between the estimated cost of new equivalent property 
and the appraised value of the present asset is known as the appraised 
depreciation. This concept involves determination of the values of two 
assets at one date as compared with the engineering-cost concept, which 
requires determination of the value of one asset at two different times. * 

Purpose of Depreciation. There are two major reasons why deprecia- 
tion needs to be considered in engineering projects. As far as the design 
engineer is concerned, the primary purpose of depreciation is to permit the 
proper charging of costs for physical assets in determining production costs 
and profits. A second purpose of depreciation is to provide for the alloca- 
tion of capital which has been invested in physical property. 


TYPES OF DEPRECIATION 


The causes of depreciation may be physical or functional. Physical de- 
preciation is the term given to the measure of the decrease in value due to 
changes in the physical aspects of the property. Wear and tear, corrosion, 
accidents, and deterioration due to age or the elements are all causes of 
physical depreciation. With this type of depreciation, the serviceability 
of the property is reduced because of physical changes. Depreciation due 
to all other causes is known as functional depreciation. 


* For further information on the possible meanings of depreciation when used in a 
sense other than that of the engineers’ prorated (or amortized) cost, see E. Grant and 
P. Norton, “Depreciation,” The Ronald Press Company, New York, 1949; or A. Mar- 
ston, R. Winfrey, and J. Hempstead, “Engineering Valuation and Depreciation,” 2d ed., 
McGraw-Hill Book Company, Inc., New York, 1953. 
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One common type of functional depreciation is obsolescence. This is 
caused by technological advances or developments which make an existing 
property obsolete. Even though the property has suffered no physical 
change, its economic serviceability is reduced because it is inferior to im- 
proved types of similar assets that have been made available through ad- 
vancements in technology. 

Other causes of functional depreciation could be (1) change in demand 
for the service rendered by the property, such as a decrease in the demand 
for the product involved because of saturation of the market, (2) shift of 
population center, (3) changes in requirements of public authority, (4) in- 
adequacy or insufficient capacity for the service required, (5) termination 
of the need for the type of service rendered, and (6) abandonment of the 
enterprise. Although some of these situations may be completely unre- 
lated to the property itself, it is convenient to group them all under the 
heading of functional depreciation. 

Since depreciation is measured by decrease in value, it is necessary to 
consider all possible causes when determining depreciation. Physical losses 
are easier to evaluate than functional losses, but both of these must be 
taken into account in order to make fair allowances for depreciation. 

Depletion. Capacity loss due to materials actually consumed is meas- 
ured as depletion. Depletion cost equals the initial cost times the ratio of 
amount of material used to original amount of material purchased. This 
type of depreciation is particularly applicable to natural resources, such as 
stands of timber or mineral and oil deposits. 

Costs for Maintenance and Repairs. The term maintenance conveys 
the idea of constantly keeping a property in good condition; repairs con- 
notes the replacing or mending of broken or worn parts of a property. 
The costs for maintenance and repairs are direct operating expenses which 
must be paid from income, and these costs should not be confused with 
depreciation costs. 

The extent of maintenance and repairs may have an effect on deprecia- 
tion cost, since the useful life of any property ought to be increased if it is 
kept in good condition. However, a definite distinction should always be 
made between costs for depreciation and costs for maintenance and repairs. 


SERVICE LIFE 


The period during which the use of a property is economically feasible is 
known as the service life of the property. Both physical and functional 
depreciation are taken into consideration in determining service life, and, 
as used in this book, the term is synonymous with economic life or useful 
life. In estimating the probable service life, it is assumed that a reasonable 
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amount of maintenance and repairs will be carried out at the expense of 
the property owner. 

Many data are available concerning the probable life of various types of 
property. Manufacturing concerns, engineers, and the U.S. Bureau of 


TABLE 1. PROBABLE SERVICE LIVES FOR PROPERTIES IN THE CHEMICAL INDUSTRIES * 


These estimates are for new properties only. Due consideration has been given to 
normal obsolescence possibilities. Reasonable expenses for repairs and maintenance 
have been assumed. See Appendix for a detailed breakdown of service lives for indi- 
vidual pieces of equipment in the different chemical industries. 


Service 
life, 
years 
Machinery and equipment: 
ICISR ae cree NE Me oh helt Mian eee ins Bibs 15 
Alcan: PrOGUCES sr oe seurnatu Wcities orekeke elaine 22 
ATITIIT GACY CS eer ePe nose Nici, omen ness etere es 20 
ALIMOSDOCrICMIGLO CCM on iacet. siete aera ore 15 
Brewery, DrOGUCES Genetic fan ail sis carats oi etre ok oe 20 
Carbide and carbon products................% 15 
arn hs PAs. DrOdUCtAl Kf aaia virgo eee oes: 16 
Csereterl HNO GH ence ts ee aye eee ae opel 20 
(Blrieosvohehresiy 6) ge, 94) 0: ele OME ane ge yee Perera Rare 15 
Te 55 Chek: We ee Re ees ev 20 
Disulismon products 4.5 ess, te eee vee ie 20 
Pipctrachemcaisea oii cae 8 tae 62 abc te sks 17 
Crlassrod thee arte tote ici cp hae anig eee estes 15 
COR VER OCGA eas een. oes ae cee as a eo 18 
Paints nun. Variances on. sae ona a Ss 5 = oe oe 20 
PHarMmACeUiCHlkiae Meese ce oe ces elke eta see 20 
Rubber progucis. 25s Ss s sorts ree et ki oles IP; 
PCE ERE a ct ten ny ici ye Soran Sap st ede lt sls 20 
Buildings: 
Diwellipgtstaas pose ats ata Re a weet eS sie 60 
Bactary buildings... 2204 usecase tie tes 0 0 50 
(PEUH CCR Reis ri, RES Se rk Pe ae ois hea 60 
Migciiie BUOVS ss, fete. 5 ores tN es Sako eis 60 
Oiffiee bunlditiga soe et es 22 ee es ke ces 67 
PO ect oe ne Gan te OD anc lore 67 
ANT cx eMHiGV AEA arene Eat asics head actly. © ae Ri (6) 


* Taken from U.S. Bureau of Internal Revenue Bull. F, 1942. 


Internal Revenue have compiled much information of this sort. All of 
these data are based on past records, and there is no certainty future con- 
ditions will be unchanged. Nevertheless, by statistical analysis of the 
various data, it is possible to make fairly reliable estimates of service lives. 

The U.S. Bureau of Internal Revenue recognizes the importance of de- 
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preciation as a legitimate expense, and the Bureau has issued a formal 
bulletin listing recommended service lives for many types of properties. * 

Table 1 presents the probable service lives for machinery and equipment 
in the chemical industries. Although these values are recommended by 
the Bureau of Internal Revenue, the Bureau does not require taxpayers to 
use the indicated lives. However, if other life periods are used, the tax- 
payer must be prepared to support his claim. 

There has been considerable demand for a reduction or wider choice of 
service lives for properties, and the widespread revision and reinterpreta- 
tion of the national income-tax laws in 1954 met part of this demand. 
During times of national emergencies, the United States Congress may 
approve rapid-amortization policies to make it more attractive for concerns 
to invest in additional! plants and equipment needed for the national wel- 
fare. Certificates of necessity can be obtained for certain types of indus- 
tries, and these certificates permit writing off various percentages of the 
value of new equipment and facilities over a period of 5 years. 


SALVAGE VALUE 


Salvage value is the net amount of money obtainable from the sale of 
used property over and above any charges involved in removal and sale. 
If a property is capable of further service, its salvage value may be high. 
This is not necessarily true, however, because other factors, such as loca- 
tion of the property, existing price levels, market supply and demand, and 
difficulty of dismantling, may have an effect. The term salvage value im- 
plies that the asset can give some type of further service and is worth 
more than merely its scrap or junk value. 

If the property cannot be disposed of as a useful unit, it can often be 
dismantled and sold as junk to be used again as a manufacturing raw ma- 
terial. The profit obtainable from this type of disposal is known as the 
scrap, or junk, value. 

Salvage value, scrap value, and service life are usually estimated on the 
basis of conditions at the time the property is put into use. These factors 
cannot be predicted with absolute accuracy, but improved estimates can 
be made as the property increases in age. It is advisable, therefore, to 
make new estimates from time to time during the service life and make 
any necessary adjustments of the depreciation costs. Because of the diffi- 
culties involved in making reliable, future estimates of salvage and scrap 
values, engineers often neglect the small error involved and designate these 
values as zero. 


* Bulletin F, revised in 1931 and 1942, Income Tax Depreciation and Obsolescence— 
Estimated Useful Lives and Depreciation Rates, U.S. Treasury Department, Bureau 
of Internal Revenue. 
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PRESENT VALUE 


The present value of an asset may be defined as the value of the asset in 
its condition at the time of valuation. There are several different types of 
present values, and the standard meanings of the various types should be 
distinguished. 

Book Value, or Unamortized Cost. The difference between the original 
cost of a property and all the depreciation charges made to date is defined 
as the book value (sometimes called unamortized cost). It represents the 
worth of the property as shown on the owner’s accounting records. 

Market Value. The price which could be obtained for an asset if it 
were placed on sale in the open market is designated as the market value. 
The use of this term conveys the idea that the asset is in good condition 
and that a buyer is readily available. 

Replacement Value. The cost necessary to replace an existing property 
at any given time with one at least equally capable of rendering the same 
service is known as the replacement value. 

It is difficult to predict future market values or replacement values with 
a high degree of accuracy because of fluctuations in market demand and 
price conditions. On the other hand, a future book value can be predicted 
with absolute accuracy as long as a constant method for determining de- 
preciation costs is used. It is quite possible for the market value, replace- 
ment value, and book value of a property to be widely different from one 
another because of unrealistic depreciation allowances or changes in eco- 
nomic and technological factors. 


METHODS FOR DETERMINING DEPRECIATION 


Depreciation costs can be determined by a number of different methods, 
and the design engineer should understand the bases for the various 
methods. The Federal government has definite rules and regulations con- 
cerning the manner in which depreciation costs may be determined. These 
regulations must be followed for income-tax purposes as well as to obtain 
most types of governmental support. Since the methods approved by the 
government are based on sound economic procedures, most industrial con- 
cerns use one of the government-sanctioned methods for determining de- 
preciation costs, both for income-tax calculations and for reporting the 
concern’s costs and profits. It is necessary, therefore, for the design en- 
gineer to keep abreast of current changes in governmental regulations re- 
garding depreciation allowances. 

In general, depreciation accounting methods may be divided into two 
classes: (1) arbitrary methods giving no consideration to interest costs, and 
(2) methods taking into account interest on the investment. Straight-line, 
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declining-balance, and sum-of-the-years-digits methods are included in the 
first class, while the second class includes the sinking-fund and the present- 
worth methods. 

Straight-line Method. In the straight-line method for determining depre- 
ciation, it is assumed that the value of the property decreases linearly with 
time. Equal amounts are charged for depreciation each year throughout 
the entire service life of the property. The annual depreciation cost may 
be expressed in equation form as follows: 


V— V, 


n 


d (1) 


where d = annual depreciation, $/year 
V = original value of the property at start of the service-life period, 
completely installed and ready for use, dollars 
V, = salvage value of property at end of service life, dollars 
n = service life, years 
The asset value (or book value) of the equipment at any time during 
the service life may be determined from the following equation: 


Yoav = ne (2) 


where V, = asset or book value, dollars, and a = the number of years 
in actual use. 

Because of its simplicity, the straight-line method is widely used for de- 
termining depreciation costs. In general, design engineers report economic 
evaluations on the basis of straight-line depreciation unless there is some 
specific reason for using one of the other methods. 

Because it is impossible to estimate exact service lives and salvage values 
when a property is first put into use, it is sometimes desirable to reestimate 
these factors from time to time during the life period of the property. If 
this is done, straight-line depreciation can be assumed during each of the 
periods, and the over-all method is known as multiple straight-line deprecia- 
tion. Figure 5-1 shows how the asset value of a property varies with time 
using the straight-line and the multiple straight-line methods for deter- 
mining depreciation. 

The straight-line method may be applied on the basis of units of pro- 
duction or predicted amount of service output, instead of life years. The 
depreciation may be based on miles, gallons, tons, number of unit pieces 
produced, or other measures of service output. This so-called untt-of-pro- 
duction or service-output method is particularly applicable when depletion 
occurs, as in the exploitation of natural resources. It should also be con- 
sidered for properties having useful lives that are more dependent on the 
number of operations performed than on calendar time. 
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Fic. 5-1. Comparison of straight-line, sum-of-the-years-digits, and declining-balance 
methods for determining depreciation. 


Declining-balance (or Fixed-percentage) Method. When the declining- 
balance method is used, the annual depreciation cost is a fixed percentage 
of the property value at the beginning of the particular year. The fixed- 
percentage (or declining-balance) factor remains constant throughout the 
entire service life of the property, while the annual cost for depreciation is 
different each year. Under these conditions, the depreciation cost for the 
first year of the property’s life is Vf, where { represents the fixed-percentage 
factor. 

At the end of the first year 


Asset value = Va = V(1 — f) (3) 
At the end of the second year 


¥= Vi— ): (4) 
At the end of a years 


ey A aii) (5) 
At the end of n years (i.e., at the end of service life) 


gee Sh aes (6) 
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1/n 
-@) ° 


Equation (7) represents the textbook method for determining the fixed- 
percentage factor, and the equation is sometimes designated as the Mathe- 
son formula. A plot showing the change of asset value with time using the 
declining-balance depreciation method is presented in Fig. 5-1. Compari- 
son with the straight-line method shows that declining-balance depreciation 
permits the investment to be paid off more rapidly during the early years 
of life. The increased depreciation costs in the early years are very attrac- 
tive to concerns just starting in business, since the income-tax load is re- 
duced at the time when it is most necessary to keep all pay-out costs at a 
minimum. 

The textbook relationship presented in Eq. (7) is seldom used in actual 
practice, because it places too much emphasis on the salvage value of the 
property and is certainly not applicable if the salvage value is zero. To 
overcome this disadvantage, the value of the fixed-percentage factor is 
often chosen arbitrarily using a sound economic basis. 

Prior to 1954, the United States government would not accept any de- 
preciation method which permitted depreciation rates more than 50 per 
cent greater than those involved in the straight-line method. In 1954, the 
laws were changed to allow rates up to twice those for the straight-line 
method. Under these conditions, one arbitrary method for choosing the 
value of f is to fix it at two times the reciprocal of the service life n.* This 
permits approximately two-thirds of the depreciable value to be written 
off in the first half of the useful life. 

Figure 5-2 shows the effect of time on asset value when the declining- 
balance method of depreciation is used with an arbitrarily chosen value 
of f. It should be noted that the value of the asset cannot decrease to zero 
at the end of the service life and may possibly be greater than the salvage 
or scrap value. To handle this difficulty, it is sometimes desirable to 
switch from the declining-balance to the straight-line method after a por- 
tion of the service life has expired. This is known as the combination 
method. It permits the property to be fully depreciated during the service 
life, yet also gives the advantage of faster early-life write-offs. A curve 
showing this type of depreciation is presented in Fig. 5-2. 

The main advantage of the declining-balance and the combination 
methods is that they permit greater depreciation allowances in the early 
life of the property than in the later life. They are particularly applicable 
for units in which the greater proportion of the production occurs in the 


Therefore, 


* saleowva Sony ee ep ee . 
The salvage value is considered to be zero, and the fixed-percentage factor is based 
on the straight-line rate of depreciation during the first year. 
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Fia. 5-2. Types of declining-balance methods for determining depreciation. 


early part of the useful life or when operating costs increase markedly 
with age. 


Example 1. Determination of Depreciation by Straight-line and Declining-balance 
Methods. The original value of a piece of equipment is $22,000, completely installed 
and ready for use. Its salvage value is estimated to be $2000 at the end of a service 
life estimated to be 10 years. Determine the asset (or book) value of the equipment at 
the end of 5 years using: 

(a) Straight-line method. 

(b) Textbook declining-balance method. 

(c) Double declining-balance method (i.e., the declining-balance method using a fixed- 
percentage factor giving a depreciation rate equivalent to twice the minimum rate with 
the straight-line method). 


Solution 
(a) Straight-line method: 
V = $22,000 
V, = $2000 


n = 10 years 
4 V—Vs _ 20,000 


7 


= $2000 per year 





d 


Asset value after 5 years = Va, where a = 5, or 


Va = V — ad = 22,000 — (5)(2000) = $12,000 
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(b) Textbook declining-balance method: 


7 Un 2000 \ Mo 
ee (;) es (= ano) |= 0.2131 


Asset value after 5 years is 


Va = V(l — f)* = (22,000)(1 — 0.2131)° = $6650 





(c) Double declining-balance method: 

Using the straight-line method, the minimum depreciation rate occurs in the first 
year when V = $22,000 and the depreciation = $2000. This depreciation rate 
is 2000/22,000, and the double declining-balance (or double fixed-percentage) 
factor is (2)(2000/22,000) = 0.1818 =f. (It should be noted that the double 
declining-balance method is often applied to cases where the salvage value is 
considered to be zero. Under this condition, the double fixed-percentage factor 
for this example would be 0.2000.) 

Asset value after 5 years is 


Va = V(1 — f)* = (22,000)(1 — 0.1818)° = $8060 


Sum-of-the-years-digits Method. The swm-of-the-years-digits method is 
an arbitrary process for determining depreciation which gives results simi- 
lar to those obtained by the declining-balance method. Larger costs for 
depreciation are allotted during the early-life years than during the later 
years. This method has the advantage of permitting the asset value to 
decrease to zero or a given salvage value at the end of the service life. 

In the application of the sum-of-the-years-digits method, the annual de- 
preciation is based on the number of service-life years remaining and the 
sum of the arithmetic series of numbers from 1 to n, where n represents 
the total service life. The yearly depreciation factor is the number of use- 
ful service-life years remaining divided by the sum of the arithmetic series. 
This factor times the total depreciable value at the start of the service life 
gives the annual depreciation cost. 

As an example, consider the case of a piece of equipment costing $20,000 
when new. The service life is estimated to be 5 years and the scrap value 
$2000. The sum of the arithmetic series of numbers from 1 to n is 1 + 2 
+3+4-+5= 15. The total depreciable value at the start of the service 
life is $20,000 — $2000 = $18,000. Therefore, the depreciation cost for 
the first year is ($18,000)(545) = $6000, and the asset value at the end 
of the first year is $14,000. The depreciation cost for the second year is 
($18,000) (445) = $4800. Similarly, the depreciation costs for the third, 
fourth, and fifth years, respectively, would be $3600, $2400, and $1200. 
Figure 5-1 presents a curve showing the change with time in asset value 
when the sum-of-the-years-digits method is used for determining deprecia- 
tion. 

Sinking-fund Method. The use of compound interest is involved in 
the sinking-fund method. It is assumed that the basic purpose of deprecia- 
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tion allowances is to accumulate a sufficient fund to provide for the re- 
covery of the original capital invested in the property. An ordinary 
annuity plan is set up wherein a constant amount of money should theo- 
retically be set aside each year. At the end of the service life, the sum of 
all the deposits plus accrued interest must equal the total amount of de- 
preciation. 

Derivation of the formulas for the sinking-fund method can be accom- 
plished by use of the following notations in addition to those already given: 


7 = annual interest rate expressed as a fraction 
R = uniform annual payments made at end of each year (this 
is the annual depreciation cost), dollars 
— V,; = total amount of the annuity accumulated in an estimated 
service life of m years (original value of property minus 
salvage value at end of service life), dollars 


V 


According to the equations developed for an ordinary annuity in Chap. 3 

(Interest and Investment Costs), 
; 
he 8) 
aQ+i"-1 

The amount accumulated in the fund after a years of useful life must be 

equal to the total amount of depreciation up to that time. This is the 

same as the difference between the original value of the property V at the 

start of the service life and the asset value V, at the end of a years. There- 


fore, 


Total amount of depreciation after a years = V — V, (9) 
ee 7)- 
V-—-V,=R eee (10) 
1 
Combining Eqs. (8) and (10), 
we leet) 1 
V — Vz = (VV — V.) ——— GG) 
(ite (81 
Asset (or book) value after a years = Va 
(ree — 1 
eee Vel Wane Vig) serge ee (13) 5° 
J ( G pod 


Since the value of R represents the annual depreciation cost, the yearly 
cost for depreciation is constant when the sinking-fund method is used. 


* Exactly the same result for asset value after @ years is obtained if an annuity due 
(i.e., equal periodic payments at beginning of each year) is used in place of an ordinary 
annuity. The periodic payment with an annuity due would be R/(1 + 2). In accepted 
engineering practice, the sinking-fund method is based on an ordinary annuity plan. 
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As shown in Fig. 5-3, this method results in book values which are always 
greater than those obtained with the straight-line method. Because of the 
effects of interest in the sinking-fund method, the annual decrease in asset 
value of the property is less in the early-life years than in the later years. 


AS Sinking-fund method (i =0.06) 
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Fic. 5-3. Asset values of property when depreciated by interest (sinking-fund) and 
no-interest (straight-line) methods. 


Although the sinking-fund viewpoint assumes the existence of a fund 
into which regular deposits are made, an actual fund is seldom maintained. 
Instead, the money accumulated from the depreciation charges is put to 
work in other interests, and the existence of the hypothetical fund merely 
serves as a basis for this method of depreciation accounting. 

The sinking-fund theory of cost accounting is now used by only a few 
concerns, although it has seen considerable service in the public-utilities 
field. Theoretically, the method would be applicable for depreciating any 
property that did not undergo heavy service demands during its early life 
and stood little chance of becoming obsolete or losing service value due to 
other functional causes. 

The same approach used in the sinking-fund method may be applied by 
analyzing depreciation on the basis of reduction with time of future profits 
obtainable with a property. When this is done, it is necessary to use an 
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interest rate equivalent to the annual rate of return expected from the use 
of the property. This method is known as the present-worth method, and 
it gives results similar to those obtained with the conventional sinking- 
fund approach.* The sinking-fund and the present-worth methods are 
seldom used for depreciation cost accounting, but they are occasionally 
applied for purposes of comparing alternative investments. 


SINGLE-UNIT AND GROUP DEPRECIATION 


In depreciation accounting procedures, assets may be depreciated on the 
basis of individual units or on the basis of various types of property groups 
or classifications. The single-wnit method requires keeping records on each 
individual asset. Although the application of this method is simple, the 
large number of detailed records required makes the accounting expenses 
very high. 

To simplify the accounting procedures, many concerns combine their 
various assets into groups for depreciation purposes. There are several 
types of group accounts employed, and the most common among these are 
composite accounts, classified accounts, and vintage-group accounts. 

A composite account includes all depreciable assets in one single group, 
and an over-all depreciation rate is applied to the entire account. With 
this method, the composite depreciation rate must be redetermined when 
important changes occur in the relative distribution of the service lives of 
the individual assets. 

Instead of including all assets in a single depreciation account, it is pos- 
sible to classify properties into general types, such as machinery and equip- 
ment, office furniture and fixtures, buildings, and transportation equipment. 
The records for these groups are known as classified accounts. A classified 
account is similar to a composite account because many items are included 
in the same group, regardless of life characteristics. 

Another approach to group depreciation is to include in each account 
all similar assets having approximately the same service lives. These 
accounts are known as vintage-group accounts. A separate record is kept 
for each group and the same depreciation rate is applied to all the items 
included in each account. With this method, the advantages of single-unit 
depreciation are obtained since life characteristics serve as the basis. If a 
large number of items are contained in a vintage-group account, the over- 
all depreciation results can be quite accurate because the law of averages 
will apply to the true service lives as compared with the estimated service 
lives. 

* For a detailed treatment of the present-worth method, see A. Marston, R. Win- 
frey, and J. C. Hempstead, “Engineering Valuation and Depreciation,” McGraw-Hill 
Book Company, Inc., New York, 1953. 
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ADJUSTMENT OF DEPRECIATION ACCOUNTS 


The estimated service life and salvage value of a property are seldom 
exactly equal to the actual service life and salvage value. It is, therefore, 
advisable to adjust depreciation accounts by making periodic reestimations 
of the important variables. When a property is retired under conditions 
which do not permit exact agreement between estimated and actual values, 
the difference between the book depreciation and the actual depreciation 
may be handled in one of the following ways: (1) The gain or loss may be 
credited or charged on the financial record for the current period; (2) the 
difference may be credited or charged to a special depreciation reserve; or 
(3) the difference may be carried on the books for amortization during a 
reasonable future period. 

According to the Federal income-tax laws in effect in 1956, any gain on 
the retirement of a property is taxed as a capital gain. However, losses 
‘annot be subtracted from the taxable income unless the maximum ex- 
pected life was used. Because of the losses involved when a property must 
be retired before the end of its estimated service life, some concerns prefer 
to use a combination of methods 2 and 3 indicated in the preceding 
paragraph. <A special depreciation reserve is built up by continuing the 
book depreciation of properties whose actual service lives exceed the esti- 
mated service lives. This fund is then used to handle losses due to early 
retirement of assets. The final choice of method for adjusting depreciation 
accounts depends on the accounting policies of the individual concern and 
on income-tax regulations. 


EVALUATION OF DEPRECIATION METHODS 


Comparison of the various depreciation methods shows that the declin- 
ing-balance and the sum-of-the-years-digits methods give similar results. 
In both cases, the depreciation costs are greater in the early-life years of 
the property than in the later years. Annual depreciation costs are con- 
stant when the straight-line, sinking-fund, or present-worth method is used. 
Because interest effects are included in the sinking-fund and present-worth 
methods, the annual decrease in asset value with these two methods is 
lower in the early-life years than in the later years 

The straight-line method is widely used for sonremenen cost accounting. 
It is very simple to apply, to both groups and single units, and it is accepta- 
ble for cost-accounting purposes and for income-tax determinations. In 
general, unless there is a specific reason for employing another method, 
design engineers use straight-line depreciation. 

From the viewpoint of financial protection, it is desirable to make a 
greater charge for property depreciation during early life than during later 
life. This can be accomplished by use of the dec ‘lining-balance or sum-of- 
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the-years-digits method. The difficulties of accurate application to group 

accounts and income-tax restrictions have served to suppress the wide- 
spread usage of these methods. However, in recent years, a number of 
industrial concerns have started using declining-balance and sum-of-the- 
vears-digits depreciation. 

The liberalized tax laws passed in 1954 permitted use of double declining- 
balance depreciation as well as sum-of-the-years-digits depreciation for 
income-tax calculations. In general, these laws gave approval to any de- 
preciation method which did not give faster write-offs at any point during 
the first two-thirds of an asset’s useful life than the double declining-balance 
method. The 1954 laws applied only to assets put in use after Jan. 1, 
1954, and the new regulations were not applicable to assets with service 
lives of less than 3 years. 

The final choice of the best depreciation method depends on a number 
of different factors. The type and function of the property involved is, of 
course, one important factor. Also, it is desirable to use a simple formula 
giving results as accurate as the estimated values involved. The advisa- 
bility of keeping two separate sets of books, one for income-tax purposes 
and one for company purposes, should be considered. The final decision 
involves application of good judgment and an analysis of the existing 
circumstances. 


NOMENCLATURE FOR CHAP. 5 


a = length of time in actual use, years 

d = annual depreciation, $/year 

fj = fixed-percentage or declining-balance factor 

2 = annual interest rate expressed as a fraction, per cent/100 
n = service life, years 
R 

V 


> = uniform annual payments made in an ordinary annuity, dollars 
= original value of a property at start of service-life period, completely installed 
and ready for use, dollars 
V, = asset or book value, dollars 
V. = salvage value of property at end of service life, dollars 


PROBLEMS 


1. A piece of equipment originally costing $40,000 was put into use 12 years ago. 
At the time the equipment was put into use, the service life was estimated to be 20 
years and the salvage and scrap value at the end of the service life were assumed to 
be zero. On this basis, a straight-line depreciation fund was set up. The equipment 
can now be sold for $10,000, and a more advanced model can be installed for $55,000. 
Assuming the depreciation fund is available for use, how much new capital must be 
supplied to make the purchase? 

2. The original investment for an asset was $10,000, and the asset was assumed to 
have a service life of 12 years with $2000 salvage value at the end of the service life. 
After the asset has been in use for 5 years, the remaining service life and final salvage 
value are reestimated at 10 years and $1000, respectively. Under these conditions, 
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what is the depreciation cost during the sixth year of the total life if straight-line de- 
preciation is used? 

3. A property has an initial value of $50,000, service life of 20 years, and final sal- 
vage value of $4000. It has been proposed to depreciate the property by the textbook 
declining-balance method. Would this method be acceptable for income-tax purposes 
if the income-tax laws do not permit annual depreciation rates greater than twice the 
minimum annual rate with the straight-line method? 

4. A piece of equipment having a negligible salvage and scrap value is estimated to 
have a service life of 10 years. The original cost of the equipment was $40,000. De- 
termine the following: 

(a) The depreciation charge for the fifth year if double declining-balance deprecia- 
tion is used. 

(b) The depreciation charge for the fifth year if sum-of-the-years-digits depreciation 
is used. 

(c) The per cent of the original investment paid off in the first half of the service 
life using the double declining-balance method. 

(d) The per cent of the original investment paid off in the first half of the service 
life using the sum-of-the-years-digits method. 

5. The original cost of a property is $30,000, and it is depreciated by a 6 per cent 
sinking-fund method. What is the annual depreciation charge if the book value of 
the property after 10 years is the same as if it had been depreciated at $2500 per year 
by the straight-line method? 

6. A concern has a total income of $1 million per year, and all expenses except depre- 
ciation amount to $600,000 per year. At the start of the first year of the concern’s 
operation, a composite account of all depreciable items shows a value of $850,000, and 
the over-all service life is estimated to be 20 years. The total salvage value at the end 
of the service life is estimated to be $50,000. Forty-five per cent of all profits before 
taxes must be paid out as income taxes. What would be the reduction in income-tax 
charges for the first year of operation if the sum-of-the-years-digits method were used 
for depreciation accounting instead of the straight-line method? 

7. The total value of a new plant is $2 million. A certificate of necessity has been 
obtained permitting a write-off of 60 per cent of the initial value in 5 years. The bal- 
ance of the plant requires a write-off period of 15 years. Using the straight-line method 
and assuming negligible salvage and scrap value, determine the total depreciation cost 
during the first year. 

8. A profit-producing property has an initial value of $50,000, a service life of 10 
years, and zero salvage and scrap value. By how much would annual profits before 
taxes be increased if a 5 per cent sinking-fund method were used to determine depre- 
ciation costs instead of the straight-line method? 

9. In order to make it worthwhile to purchase a new piece of equipment, the annual 
depreciation costs for the equipment cannot exceed $3000 at any time. The original 
cost of the equipment is $30,000, and it has zero salvage and scrap value. Determine 
the length of service life necessary if the equipment is depreciated (a) by the sum-of- 
the-years-digits method, and (6) by the straight-line method. 

10. The owner of a property is using the unit-of-production method for determining 
depreciation costs. The original value of the property is $55,000. It is estimated that 
this property can produce 5500 units before its value is reduced to zero; i.e., the depre- 
ciation cost per unit produced is $10. The property produces 100 units during the 
first, year, and the production rate is doubled each year for the first 4 years. The pro- 
duction rate obtained in the fourth year is then held constant until the value of the 
property is paid off. What would have been the annual depreciation cost if the st raight- 
line method based on time had been used? 


CHAPTER 6 


ALTERNATIVE INVESTMENTS AND REPLACEMENTS 


Before capital is invested in a project or enterprise, it is necessary to 
know if a profit can be realized by making the investment. It is also nec- 
essary to know how much profit can be obtained and whether it would be 
more advantageous to invest the capital in another form of enterprise. 
Thus, the determination of profits obtainable from the investment of capi- 
tal and the choice of the best investment among various alternatives is an 
important part of an economic analysis. 

Total profit alone cannot be used as the deciding factor in determining 
if an investment should be made. Instead, the decision should be based 
on the rate of return which the capital can yield. For example, suppose 
that two equally sound investments can be made. One of these requires 
$100,000 of capital and will yield a profit of $10,000 per year, and the 
second requires $1 million of capital and will yield $25,000 per year. The 
second investment gives a greater yearly profit than the first, but the 
annual rate of return on the second investment is only ($25,000/$1,000,000) 
< 100 = 2.5 per cent, while the annual rate of return on the $100,000 
investment is 10 per cent. Since reliable bonds and other conservative 
investments will yield annual rates of return in the range of 3 to 4 per 
cent, the $1 million investment in this example would not be very attrac- 
tive; however, the 10 per cent return on the $100,000 capital would make 
this investment worthy of careful consideration. Thus, the rate of return, 
rather than the total amount of profit, is usually the deciding factor in 
determining if an investment should be made. 

There are many reasons why capital investments are made. Sometimes 
the purpose is merely to supply a service which cannot possibly yield a 
monetary profit, such as the provision of recreation facilities for free use of 
employees. The per cent return on this type of venture cannot be ex- 
pressed on any direct numerical basis. The design engineer, however, usu- 
ally deals with the type of investment which is expected to yield a tangible 
profit. 

Investments may be made for replacing or improving an existing prop- 
erty, for developing a completely new enterprise, or for other purposes 
wherein a profit is expected from the outlay of capital. In cases of this 

71 


72 PLANT DESIGN AND ECONOMICS FOR CHEMICAL ENGINEERS 


type, it is extremely important to make a careful analysis of the effective- 
ness of the capital utilization. 


RETURN ON INVESTMENT 


In engineering economic studies, return on investment is ordinarily ex- 
pressed on an annual percentage basis. The yearly profit divided by the 
total initial investment necessary represents the fractional return, and this 
fraction times 100 is the per cent return on the investment.* 

Profit is defined as the difference between income and expense. ‘There- 
fore, profit is a function of the quantity of goods or services produced and 
the selling price. The amount of profit is also affected by the economic 
efficiency of the operation, and increased profits can be obtained by use of 
effective methods which reduce operating expenses. 

To obtain reliable estimates of investment returns, it is necessary to 
make accurate predictions of profits, basing these profits on the complete 
investment required. As discussed in Chap. 2 (Costs in Chemical Proc- 
esses), working capital and fixed capital should be considered in deter- 
mining the total investment, and direct production costs, fixed charges in- 
cluding depreciation costs, plant overhead costs, and general expenses are 
involved in the determination of profits. 

Returns Incorporating Minimum Profits as an Expense. The standard 
method for reporting return on investment has been outlined in the pre- 
ceding paragraphs. Other methods, however, are sometimes employed, 
and their bases should be understood to permit correct interpretation if 
they are encountered. 

One method for reporting return on investment is based on the assump- 
tion that it must be possible to obtain a certain minimum profit or return 
from an investment before the necessary capital outlay will be desirable. 
This minimum profit is included as a fictitious expense along with the 
other standard expenses. When return on investment is determined in this 
manner, the result shows the risk earning rate, and it represents the return 
over and above that necessary to make the capital expenditure advisable. 
If the return is zero or larger, the investment will be attractive. This 


, 

* Returns are sometimes expressed on the basis of average book value of the fixed- 
capital investment over the useful life plus working capital. 

t Under some conditions, the return on investment can be based on the fixed-capital 
investment instead of the total investment. Profit may be expressed on a before-tax 
or after-tax basis, but the conditions should be indicated. Other bases occasionally 
used by engineers for reporting rate of return as profit are net sales, total liabilities, and 
net worth. For a detailed treatment of various methods for reporting returns and an 
analysis of theoretical methods for including the time value of money in return caleu- 
lations, see H. E. Schweyer, ‘Process Engineering Eco ics,” aw-Hi < 
Ae aaron patie ee g g nomics,”’ MeGraw-Hill Book 
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method is sometimes designated as return based on capital recovery with 
minimum profit. 

The inclusion of minimum profit as an expense is rather unrealistic, 
especially when it is impossible to designate the exact return which would 
make a given investment worthwhile. One difficulty with this method is 
the tendency to use a minimum rate of return equal to that obtained from 
present investments. This, of course, gives no consideration to the ele- 
ment of risk involved in a new venture. Despite these objections, the use 
of returns incorporating minimum profits as an expense is acceptable pro- 
viding the base, or minimum, return and the general method employed are 
clearly indicated. 

Minimum Payout Period. In addition to determining the rate of re- 
turn on an investment, it is sometimes desirable to find the minimum 
length of time theoretically necessary before all of the original capital will 
have been recovered in the form of profits and depreciation charges. This 
length of time is known as the minimum payout period. 

Two approaches can be used for determining the minimum payout period. 
One approach includes a set profit or rate of return as a fictitious expense, 
but the most commonly used approach considers only the standard ex- 
penses. A major objection to the approach including a return rate as an 
expense is that the rate of return chosen can have an extremely large effect 
on the final result. However, either of the approaches can be employed as 
long as the final result includes a statement indicating the method and 
minimum rate of return used. 

Practical Methods for Handling Variations in Annual Profits. If the 
annual profits obtained from an investment vary from year to year, it is 
impossible to determine one single rate of return applicable to each year. 
In many cases, however, the annual variations are not large, and the errors 
involved in predicting profits are probably greater than the annual changes 
in income. Therefore, in most economic studies requiring prediction of 
future profits, the annual profit is assumed to be the same throughout the 
entire service life as it was in the first year of life. If information shows 
definitely that a large variation in profits will occur, the most realistic 
approach is to present the rate of return for each individual year. An 
alternative approach would be to determine an equivalent, uniform annual 
return having the same present value as the nonuniform returns. 


Example 1. Determination of Rate of Return on Investment and Payout Period 
(Consideration of Income-tax Effects). A total investment of $1 million is required for 
a proposed manufacturing plant. It is estimated that the annual income will be $800,000 
and the annual expenses will be $520,000 before income taxes. These expenses include 
$100,000 for depreciation. A minimum annual return of 15 per cent before income = 
is required before the investment will be worthwhile. Income taxes amount to 48 per 


cent of all pretax profits. 
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Determine the following: 

(a) The annual per cent return on the investment before income taxes. 

(b) The annual per cent return on the investment after income taxes. 

(c) The annual] per cent return on the investment before income taxes based on cap- 
ital recovery with minimum profit. 

(d) Standard minimum payout period based on profits after income taxes. 

(e) Minimum payout period based on profits after income taxes including as an ex- 
pense a minimum annual return of 7.8 per cent after income taxes. 


Solution 
(a) Annual profit before income taxes = $800,000 — $520,000 = $280,000 
: ; 280,000 
Annual % return on investment before income taxes = 1,000,000 (100) = 28% 


(b) Annual profit after income taxes = ($280,000)(0.52) = $145,600 


Annual % return on investment after income taxes = ete (100) = 14.6% 
; 1,000,000 


(c) Minimum profit required per year before income taxes = ($1,000,000)(0.15) = 
$150,000 
Fictitious expenses based on capital recovery with minimum profit = $520,000 
+ $150,000 = $670,000 per year 


Annual % return on investment before income taxes based on capital recovery with 
minimum annual rate of return of 15% before income taxes 


_ (800,000 — 670,000) (100) 


(1,000,000) ata 
(d) Annual profit after income taxes = $145,600 
Annual depreciation charges = $100,000 
Standard minimum payout period based on profits after income taxes 
1,000,000 
= “245,600. = 4.1 years 


(e) Annual profits after income taxes including annual post-tax return of 7.8% as a 
fictitious expense = 145,000 — (1,000,000)(0.078) = $67,600 
Annual depreciation charges = $100,000 


Minimum payout period based on profits after income taxes including as an expense 


1,000,000 
167,600 


a minimum annual return of 7.8% after income taxes = = 6.0 years 


Nore: The method used to solve this problem illustrates the commonly accepted 


engineering methods for evaluating returns. The time value of money has not been 
considered. * 


*Investor’s method, discounted-cash-flow method, interest-rate-of-return method 
present-value method, and the profitability index are used for calculating and report- 
ing returns when it is desirable to take into account the promptness with whic 


“ h money 
is earned. In all of these methods, the time value of money is considered 


They are 
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Determining Acceptable Returns. It is often possible to make a profit 
by the investment of capital, but it is not always easy to determine if a 
given return is sufficient to justify an investment. Many factors must be 
considered when deciding if a return is acceptable, and it is not possible to 
give one figure which will apply for all cases. 

When dealing with ordinary industrial operations, profits cannot be pre- 
dicted with absolute accuracy. Risk factors, therefore, must be given care- 
ful consideration, and the degree of uncertainty involved in predicted re- 
turns on investments plays an important role in determining what returns 
are acceptable. 

A certain amount of risk is involved in any type of investment, but the 
degree of risk varies widely for different types of enterprises. For example, 
there is very little uncertainty involved in predicting returns on capital 
invested in government bonds, and the chances of losing the original capital 
are very small. However, money invested in a wildcat mining enterprise 
would stand a good chance of being lost completely with no return what- 
soever. 

If capital is available for investment in a proposed enterprise, it would 
also be available for use in other ventures. Therefore, a good basis for 
determining an acceptable return is to compare the predicted return and 
the risks involved with returns and risks in other types of investments. 

Very conservative investments, such as government bonds, pay low re- 
turns in the range of 114 to 4 per cent, but the risk involved is practically 
negligible. Preferred stocks yield returns of about 4 to 5% per cent. 
There is some risk involved in preferred-stock investments since a business 
depression or catastrophe could cause reduction in returns or even a loss 
of the major portion of the capital investment. Common stocks may yield 
returns as high as 8 or 9 per cent; however, the returns fluctuate considera- 
bly with varying economic conditions, and there is always the possibility 
of losing much or all of the original investment. 

It can be stated that moderate risks are involved in common-stock 
investments. Certainly, at least moderate risks are involved in most in- 
dustrial projects. In general, a 10 per cent return before income taxes 
would be the minimum acceptable return for any type of business proposi- 
tion, even if the economics appeared to be completely sound and reliable. 
Many industrial concerns demand a predicted pretax return of at least 





based on an average annual return on the invested capital, expressed as a compound 
interest rate. The average return is equivalent to the maximum interest rate at which 
the company could borrow funds for investment in the project in order to have the 
project break even at the end of its expected life. For a simplified treatment of this 
subject see J. J. Hur, “Chemical Process Economics in Practice,”’ pp. 82-102, Reinhold 
Publishing Corporation, New York, 1956; or J. B. Weaver and R. J. Reilly, Chem. 
Eng. Progr., 62:405 (1956). 
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25 per cent based on reliable economic estimates before they will consider 
investing capital in projects that are known to be well engineered and 
well designed. *t 

The final decision as to an acceptable return depends on the probable 
accuracy of the predicted return and on the amount of risk the investor 
wishes to take. Availability of capital, personal opinions, and intangible 
factors, such as the response of the public to changes or appearances, may 
also have an important effect on the final decision. 


ALTERNATIVE INVESTMENTS 


In industrial operations, it is often possible to produce equivalent prod- 
ucts in different ways. Although the physical results may be approximately 
the same, the capital required and the expenses involved can vary con- 
siderably depending on the particular method chosen. Similarly, alterna- 
tive methods involving varying capital and expenses can often be used to 
carry out other types of business ventures. It may be necessary, therefore, 
not only to decide if a given business venture would be profitable, but also 
to decide which of several possible methods would be the most desirable. 

The final decision as to the best among alternative investments is sim- 
plified if it is recognized that each dollar of additional investment should 
yield an adequate rate of return. In practical situations, there are usually 
a limited number of choices, and the alternatives must be compared on the 
basis of incremental increases in the necessary capital investment. 

The following simple example illustrates the principle of investment 
comparison. A chemical company is considering adding a new production 
unit which will require a total investment of $1,200,000 and will yield an 
annual profit of $240,000. An alternative addition has been proposed 
requiring an investment of $2 million and yielding an annual profit of 
$300,000. Although both of these proposals are based on reliable esti- 
mates, the company executives feel that other equally sound investments 
can be made with at least a 14 per cent annual rate of return. Therefore, 
the minimum rate of return required for the new investment is 14 
per cent. 

The rate of return on the $1,200,000 unit is 20 per cent, and that for 
the alternative addition is 15 per cent. Both of these returns exceed the 
minimum required value, and it might appear that the $2 million invest- 
ment should be recommended because it yields the greater amount of 


* For a discussion on acceptable returns in the petroleum industry, see Chem. Eng. 
63(1):132 (1956). j ey 

ft An analysis by J. Tielrooy, Chem. Eng. Progr., 52:187 (1956), shows that, in 1954 
the average annual return on total assets was 9.5 per cent after taxes for eight major 
chemical companies. 


ALTERNATIVE INVESTMENTS AND REPLACEMENTS ris 


profit per year. However, a comparison of the incremental investment 
between the two proposals shows that the extra investment of $800,000 
gives a profit of only $60,000, or an incremental return of 7.5 per cent. 
Therefore, if the company had $2 million to invest, it would be more profita- 
ble to accept the $1,200,000 proposal and put the other $800,000 in another 
investment at the indicated 14 per cent return. 

A general rule for making comparisons of alternative investments can 
be stated as follows: The minimum investment which will give the necessary 
functional results and the required rate of return should always be accepted 
unless there ts a specific reason for accepting an alternative investment requiring 
more initial capital. When alternatives are available, therefore, the base 
plan would be that requiring the minimum acceptable investment. The 
alternatives should be compared with the base plan, and additional capital 
would not be invested unless an acceptable incremental return or some 
other distinct advantage could be shown. 

Alternatives When an Investment Must Be Made. The design engineer 
often encounters situations where it is absolutely necessary to make an 
investment and the only choice available is among various alternatives. 
An example of this might be found in the design of a plant requiring an 
evaporation operation. The evaporator unit must have a given capacity 
based on the plant requirements, but there are several alternative methods 
for carrying out the operation. A single-effect evaporator would be satis- 
factory. However, the operating expenses would be lower if a multiple- 
effect evaporator were used, because of the reduction in steam consumption. 
Under these conditions, the best number of effects could be determined by 
comparing the increased savings with the investment required for each addi- 
tional effect. A graphical representation showing this kind of investment 
comparison is presented in Fig. 6-1. 

The base plan for an alternative comparison of the type discussed in the 
preceding paragraph would be the minimum investment which gives the 
necessary functional results. The alternatives should then be compared with 
the base plan, and an additional investment would be recommended only 
if it would give a definite advantage. 

When investment comparisons are made, alternatives requiring more 
initial capital are compared only with lower investments which have been found 
to be acceptable. Consider an example in which an investment of $50,000 
will give a desired result, while alternative investments of $60,000 and 
$70,000 will give the same result with less annual expense. Suppose that 
comparison between the $60,000 and the $50,000 cases shows the $60,000 
investment to be unacceptable. Certainly, there would be no reason to 
give further consideration to the $60,000 investment, and the next com- 
parison should be between the $70,000 and the $50,000 cases. An illustra- 
tion of this type of reasoning is included in Example 2. 
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The design engineer often encounters the situation in which the addition 
of small investment increments is possible. For example, in the design of 
a heat exchanger for recovering waste heat, each square foot of additional 
heat-transfer area can cause a reduction in the amount of heat lost, but the 
amount of heat recovered per square foot of heat-transfer area decreases as 
the area is increased. Since the investment for the heat exchanger is a 


Required return = 15% 
(Numbers based on Example 2) 


80,000 


60,000 


40,000 


/ncrementa/ 
return =2.5% 


Total variable expenses, dollars per year 


Recommended 


investment Incremental return = 9.8% 





20,000 
) 40,000 80,000 120,000 


Required investment, dollars 


Fia. 6-1. Comparison of alternative investments when one investment must be made 
for a given service and there are a limited number of choices. 


function of the heat-transfer area, a plot of net savings (or net profit due 
to the heat exchanger) versus total investment can be made. A smooth 
curve of the type shown in Fig. 6-2 results. 

The point of maximum net savings, as indicated by O in Fig. 6-2, repre- 
sents a classical optimum condition. However, the last incremental invest- 
ment before this maximum point is attained is at essentially a zero per cent 
return. On the basis of alternative investment comparisons, therefore, 
some investment less than that for maximum net savings should be recom- 
mended. 

The exact investment where the incremental return is a given value 
occurs at the point where the slope of the curve of net savings versus in- 
vestment equals the required return. Thus, a straight line with a slope 
equal to the necessary return is tangent to the net-savings-versus-invest- 
ment curve at the point representing the recommended investment. Such 
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a line for an annual return on incremental investment of 20 per cent is 
shown in Fig. 6-2, and the recommended investment for this case is indi- 
cated by R. If an analytical expression relating net savings and invest- 
ment is available, it is obvious that the recommended investment can be 
determined directly by merely setting the derivative of the net savings 
with respect to the investment equal to the required incremental return. 

The method described in the preceding paragraph can also be used for 
continuous curves of the type represented by the dashed curve in Fig. 6-1. 


25,000 


20,000 
{0,000 
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Fic. 6-2. Graphical method for determining investment for a given incremental return 
when investment increments can approach zero, 


Thus, the line ab in Fig. 6-1 is tangent to the dashed curve at the point 
representing the recommended investment for the case of a 15 per cent 
incremental return. 


Example 2. Investment Comparison for Required Operation with Limited Number 
of Choices. A plant is being designed in which 450,000 Ib per 24-hr day of a water— 
caustic soda liquor containing 5 per cent by weight caustic soda must be concentrated 
to 40 per cent by weight. A single-effect or multiple-effect evaporator will be used, and 
a single-effect evaporator of the required capacity requires an initial investment of 
$18,000. This same investment is required for each additional effect. The service life 
is estimated to be 10 years, and the salvage value of each effect at the end of the service 
life is estimated to be $6000. Fixed charges minus depreciation amount to 20 per cent 
yearly, based on the initial investment. Steam costs $0.60 per 1000 lb, and administra- 
tion, labor, and miscellaneous costs are $40 per day, no matter how many evaporator 
effects are used. 

Where X is the number of evaporator effects, 0.9X equals the number of pounds of 
water evaporated per pound of steam. There are 300 operating days per year. If the 
minimum acceptable return on any investment is 15 per cent, how many effects should 


be used? 
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Solution 


BASIS: 1 operating day 


X = total number of evaporator effects X(18,000 — 6000) 


= $4.00X 
(10)(300) 


Depreciation per operating day (straight-line method) = 


ar dé - 
raed e) X (18,000) (0.20) 


300 

Pounds of water evaporated per day = (450,000)(0.05) (955) — (450,000)(0.05) (°%40) 
= 393,800 lb/day 

(393,800) (0.60) = $262.5 


Fixed charges — depreciation = = $12.00X per day 





Steam costs = per day 





























X(0.9)(1000) ——iéxXX 
Fixed 
; haar peers Depre- Labor, ou] 
f i a Ue pare ciation etc., Sat 
of effects per epre- ees D 
day ciation | P° phi BN day 
per day 
1 $262.5 $12 $ 4 $40 $318.5 
2 131.3 24 8 40 203.3 
3 87.5 36 12 40 175.5 
4 65.6 48 16 40 169.6 
5 52.5 60 20 40 172.5 
6 43.8 72 24 40 179.8 
Comparing two effects with one effect, 
318.5 — 203.3)(300)(100) 
Per cent return = ( 36,000 — ean = 192% 
Therefore, two effects are better than one effect. 
Comparing three effects with two effects, 
203.3 — 175.5)(300)(100 
Per cent return = oa 54,000 ea = 46.3% 
Therefore, three effects are better than two effects. 
Comparing four effects with three effects, 
175.5 — 169.6)(300)(100 
Per cent return = \ die GLY LS = 9.8% 





72,000 — 54,000 


Since a return of at least 15 per cent is required on any investment, three effects are 


better than four effects, and the four-effect evaporator should receive no further con- 
sideration. 


Comparing five effects with three effects, 
(175.5 — 172.5)(300)(100) 2.50 
90,000 — 54,000 


Therefore, three effects are better than five effects. 


Per cent return = 





ALTERNATIVE INVESTMENTS AND REPLACEMENTS 81 


Since the total daily costs continue to increase as the number of effects is increased 
above five, no further comparisons need to be made. 
A three-effect evaporator should be used. 


Use of Total Investment and Fixed-capital Investment. A common 
error made in reporting returns for manufacturing processes is to base all 
per cent returns on the fixed-capital investment rather than on the total 
investment. Any time an investment comparison or rate of return is given 
for complete processes or complete plants, the comparison and rate of re- 
turn should be based on the total investment, including both working capi- 
tal and fixed capital. Because the determination of equivalent working- 
capital investment for single pieces of equipment or for small parts of 
plants is very difficult, it is usually permissible to neglect working-capital 
effects in these cases and base the return on the component fixed-capital 
investment. 

Other Methods Occasionally Used for Comparing Alternative Invest- 
ments. As discussed earlier in this chapter, a minimum required return 
is sometimes included as a fictitious expense in determining total profits. 
When this approach is applied correctly to alternative investments, the 
best investment is the one showing the greatest annual profit. It is im- 
portant to note that this method does not show the actual returns on each 
investment or the returns on the incremental investments. Under these 
conditions, it is particularly necessary to make certain that risk factors are 
given careful consideration when the minimum required return is selected. 

Another method sometimes used for comparing alternative investments 
and making replacement studies is known as the capitalized-cost method.* 
As indicated in Chap. 3 (Interest and Investment Costs), the capitalized 
cost of equipment is equal to the original cost plus the present value of an 
indefinite number of renewals. Example 5 in Chap. 3 illustrates the capi- 
talized-cost method for comparing alternative investments when all the 
investments will yield the same service and there is no difference in opera- 
tion or maintenance costs. Under these conditions, the investment show- 
ing the least capitalized cost would be recommended. 

Alternative investments are often capable of giving the same service with 
different operation or maintenance costs. When this situation exists, the 
present value of all the variable costs should be included in the capitalized 
cost. A comparison of this type of alternative investment is illustrated in 
Example 3. 

The capitalized-cost method gives no indication of the return on incre- 
mental investments, and this makes final interpretation of the results 


* See F. CG. Jelen, Chem. Eng., 61(2):199 (1954); 62(8):181 (1955); 63(5):165 (1956); 
63(6):247 (1956); Chem. Eng. Progr., 52:413 (1956). For other methods of comparing 
alternative investments by including the time value of money, see J. Happel, Chem. 
ing. Progr., 61:533 (1955); J. B. Weaver and R. J. Reilly, Chem. Eng. Progr., 62:405 
(1956). 
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rather difficult. Inclusion of the present value of a large number of re- 
newals may cause the capitalized cost to be much greater than the capital 
outlay required for the actual investment. The large amount indicated 
for the capitalized cost may be very misleading for persons who are not 
well acquainted with this method. Some estimators who use the capital- 
ized-cost method for comparing alternative investments commonly employ 
an interest rate equivalent to the cost of borrowed money instead of the 
minimum acceptable rate of return for the particular investment. This 
gives a decided bias in favor of the investments requiring the greatest 
amount of capital. 

Despite the objections indicated in the preceding paragraph, the capi- 
talized-cost method is useful for comparing alternative investments. When 
results based on capitalized costs are presented, it is often advisable to in- 
clude definitions of terms used in the development. For example, it may 
be necessary to indicate whether or not the designated capitalized cost in- 
cludes the present value of all maintenance and operation costs in addition 
to replacement costs. Risk factors should be considered in setting the 
interest rate or minimum return used in determining the present value, 
and a clear indication of this rate should be given along with the final result. 


Example 3. Comparison of Alternative Investments Using Standard Method, Mini- 
mum-return-as-an-expense Method, and Capitalized-cost Method. A company has 
three alternative investments which are being considered. Since all three investments 
are for the same type of unit and yield the same service, only one of the investments 
can be accepted. The risk factors involved are the same for all three cases, and the 
company policies dictate a minimum acceptable return of 15 per cent. This may be 
assumed to mean that other equally sound investments yielding a 15 per cent return are 
available. Given the following data, determine which investment, if any, should be 
made by 

(a) The standard method for comparing alternative investments. 

(b) The method incorporating minimum return as an expense. 

(c) The capitalized-cost method. 





Average an- 
nual expendi- 





Salvage ture for oper- oer 
Invest- Total value at | Service | ation, main- eae iba 
ment | capital in-| end of life, |tenance, taxes, eae 
number | vestment | service years | and insurance Shuler 
life (expressed as peauler 
total end-of- | “*Penses 
year cost) 
1 $100,000 | $ 5,000 10 $45 ,000 $22 ,000 
2 170,000 9,000 14 31,000 36 ,000 
3 210,000 10,000 16 28 , 000 40 ,000 


ee neers Neen rast! Fe Diet Uae A 
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Solution 


(a) Standard method: 


The annual rate of return on the first investment is (22,000/100,000)(100) = 22 per 
cent. 

Since this return is greater than 15 per cent, one of the three investments will be 
recommended, and it is only necessary to compare the three investments. 

Comparing number 2 with number 1, 


36,000 — 22,000 


Per cent return = 
170,000 — 100,000 





(100) = 20% 


Therefore, investment number 2 is preferred over number 1. 
Comparing number 3 with number 2, 


000 
40,000 





Per cent return = (100) = 10% 


This return is not acceptable, and the second investment should be recommended. 
(b) Comparison method incorporating minimum return as an expense: 
Fictitious annual profit with investment number 1 = $22,000 — (0.15)($100,000) 
= $7000 
Fictitious annual profit with investment number 2 = $10,500 
Fictitious annual profit with investment number 3 = $8500 


The annual profit including a 15 per cent return as an expense is greatest with the 
second investment; therefore, the second investment should be recommended. 

(c) Capitalized-cost method: 

Because the operation, maintenance, and related costs are different for each invest- 
ment, capitalized cost must be defined as original cost plus present value of an indefinite 
number of replacements and related variable costs. 

From the relationships presented in Chap. 3, 


replacement cost 
cee ee 


annual operating, maintenance, and related costs 


Capitalized cost = original investment + 


a 


where n = length of service life, years, and 7 = annual rate of return = 0.15 for this case. 


For investment 1, 
$100,000 — $5000 $45,000 








apitali = ——_—__—__—_— = $431,000 
Capitalized cost = $100,000 + (+015) —1 O15 
For investment 2, ah 
$161,000 $31, 
‘apitaliz = —________. + ————- = $403,000 
Capitalized cost = $170,000 + @ 40.15)" —1 0.18 
For investment 3, 
$200,000 $28,000 
Capitalized cost = $210,000 + ————_,,—- + = $421,000 


(1 + 0.15)® — 1 0.15 


The capitalized cost based on an interest (or minimum return) rate of 15 per cent is 
least for the second investment. 

Therefore, the second investment should be recommended. 

Nore: In this example, the profit per year was based on a depreciation cost deter- 
mined by the sinking-fund method using 15 per cent interest. When this type of sinking- 
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fund depreciation is used, the same investment would be recommended by all three 
methods as indicated in the solution to the example. Because the capitalized-cost 
method includes the concept of interest, an investment comparison based on capitalized 
cost would not necessarily give the same results as the other two methods if deprecia- 
tion were determined by the common straight-line method. 


REPLACEMENTS 


Manufacturing concerns and other business establishments are often 
faced with the problem of whether or not existing equipment or facilities 
should be replaced. It is convenient to divide the reasons for making re- 
placements into two general types. ‘These are: 


1. An existing property must be replaced or changed in order to continue 
operation and meet the required demands for service or production. 
Some examples of reasons for this type of necessary replacement are: 
a. The property is worn out and can give no further useful service. 

b. The property does not have sufficient capacity to meet the demand 
placed upon it. 

c. Operation of the property is no longer economically feasible because 
changes in design or product requirements have caused the property 
to become obsolete. 

2. An existing property is capable of yielding the necessary product or 
service, but more efficient equipment or property is available which can 
operate with lower expenses. 


When the reason for a replacement falls in the first general type, the 
only alternatives are to make the necessary changes or else go out of busi- 
ness. Under these conditions, the final economic analysis is usually re- 
duced to a comparison of alternative investments. 

The correct decision as to the desirability of replacing an existing prop- 
erty which is capable of yielding the necessary product or service depends 
on a clear understanding of theoretical replacement policies plus a careful 
consideration of many practical factors. In order to determine whether or 
not a change is advisable, the operating expenses with the present equip- 
ment must be compared with those that would exist if the change were 
made. Practical considerations, such as amount of capital available or the 
benefits to be gained by meeting a competitor’s standards, may also have 
an important effect on the final decision. 

Typical Example of Replacement Policy. The following example illus- 
trates the type of economic analysis involved in determining if a replace- 
ment should be made: A company is using a piece of equipment which 
originally cost $30,000. The equipment has been in use for 5 years, and it 
now has a net realizable value of $6000. At the time of installation, the 
service life was estimated to be 10 years and the salvage value at the end 
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of the service life was estimated to be zero. Operating costs amount to 
$22,000 per year. At the present time, the remaining service life of the 
equipment is estimated to be 3 years. 

A proposal has been made to replace the present piece of property by 
one of more advanced design. The proposed equipment would cost $40,000, 
and the operating costs would be $15,000 per year. The service life is esti- 
mated to be 10 years with a zero salvage value. Each piece of equipment 
will perform the same service, and all costs other than those for operation 
and depreciation will remain constant. Depreciation costs are determined 
by the straight-line method.* The company will not make any unneces- 
sary investments in equipment unless it can obtain an annual return on 
the necessary capital of at least 10 per cent. 

The two alternatives in this example are to continue the use of the pres- 
ent equipment or to make the suggested replacement. In order to choose 
the better alternative, it is necessary to consider both the reduction in ex- 
penses obtainable by making the change and the amount of new capital 
necessary. The only variable expenses are those for operation and depre- 
ciation. Therefore, the annual variable expenses for the proposed equip- 
ment would be $15,000 + $40,000/10 = $19,000. 

The net realizable value of the existing equipment is $6000. In order to 
make a fair comparison between the two alternatives, all costs must be 
based on conditions at the present time. Therefore, the annual deprecia- 
tion cost for the existing equipment during the remaining three years of 
service life would be $6000/3 = $2000. For purposes of comparison, the 
annual variable expenses if the equipment is retained in service would be 
$22,000 + $2000 = $24,000. 

An annual saving of $24,000 — $19,000 = $5000 can be realized by 
making the replacement. The cost of the new equipment is $40,000, but 
the sale of the existing property would provide $6000; therefore, it would 
be necessary to invest only $34,000 to bring about an annual saving of 
$5000. Since this represents a return greater than 10 per cent, the existing 
equipment should be replaced. 

Book Values and Unamortized Values. In the preceding example, the 
book value of the existing property was $15,000 at the time of the pro- 
posed replacement. However, this fact was given no consideration in de- 
termining if the replacement should be made. The book value is based 
on past conditions, and the correct decision as to the desirability of making 
a replacement must be based on present conditions. 

The difference between the book value and the net realizable value at 
any time is commonly designated as the wnamortized value. In the exam- 

* The use of the sinking-fund method for determining depreciation is sometimes ad- 
vocated for replacement studies. However, for most practical situations, the straight- 
line method is satisfactory. 
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ple, the unamortized value was $15,000 — $6000 = $9000. This means 
that a $9000 loss was incurred because of incorrect estimation of deprecia- 
tion allowances. 

Much of the confusion existing in replacement studies is caused by un- 
amortized values. Some people feel that a positive unamortized value 
represents a loss which would be caused by making a replacement. This 
is not correct because the loss is a result of past mistakes, and the fact 
that the error was not apparent until a replacement was considered can 
have no bearing on the conditions existing at the present time. When 
making theoretical replacement studies, unamortized values must be considered 
as due to past errors, and these values are of no significance in the present 
decision as to whether or not a replacement should be made. 

Although unamortized values have no part in a replacement study, they 
must be accounted for in some manner. One method for handling these 
capital losses or gains is to charge them directly to the profit-and-loss 
account for the current operating period. When a considerable loss is in- 
volved, this method may have an unfavorable and unbalanced effect on 
the profits for the current period. Many concerns protect themselves 
against such unfavorable effects by building up a surplus reserve fund to 
handle unamortized values. This fund is accumulated by setting aside a 
certain sum each accounting period. When losses due to unamortized 
values occur, they are charged against the accumulated fund. In this 
manner, unamortized values can be handled with no serious effects on the 
periodic profits. 

Investment on Which Replacement Comparison Is Based. As indicated 
in the preceding section, the unamortized value of an existing property is 
based on past conditions and plays no part in a replacement study. The 
advisability of making a replacement is usually determined by the rate of 
return which can be realized from the necessary investment. It is, there- 
fore, important to consider the amount of the investment. The difference 
between the total cost of the replacement property and the net realizable value 
of the existing property equals the necessary investment. Thus, the correct 
determination of the investment involves only consideration of the present 
capital outlay required if the replacement is made. 

Net Realizable Value. In replacement studies, the net realizable value 
of an existing property should be assumed to be the market value. Al- 
though this may be less than the actual value of the property as far as the 
owner is concerned, it still represents the amount of capital which can be 
obtained from the old equipment if the replacement is made. Any attempt 
to assign an existing property a value greater than the net realizable value 
tends to favor replacements which are uneconomical. 

Analysis of Common Errors Made in Replacement Studies. Most of 
the errors in replacement studies are caused by failure to realize that a 
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replacement analysis must be based on conditions existing at the present 
time. Some persons insist on trying to compensate for past mistakes by 
forcing new ventures to pay off losses incurred in the past. Instead, these 
losses should be accepted, and the new venture should be considered on its 
own merit. 

Including Unamortized Value as an Addition to the Replacement Investment. 
This is one of the most common errors. It increases the apparent cost for 
the replacement and tends to prevent replacements which are really eco- 
nomical. Some persons incorporate this error into the determination of 
depreciation cost for the replacement equipment, while others include it 
only in finding the investment on which the rate of return is based. In 
any case, this method of attempting to account for unamortized values is 
incorrect. The unamortized value must be considered as a dead loss (or 
gain) due to incorrect depreciation accounting in the past. 

Use of Book Value for Old Equipment in Replacement Studies. This error 
is caused by refusal to admit that the depreciation accounting methods 
used in the past were wrong. Persons who make this error attempt to 
justify their actions by claiming that continued operation of the present 
equipment would eventually permit complete depreciation. This view- 
point is completely unrealistic because it gives no consideration to the 
competitive situation existing in modern business. The concern which can 
operate with good profit and still offer a given product or service at the 
lowest price can remain in business and force competitors either to reduce 
their profits or to cease operation. 

When book values are used in replacement studies, the apparent costs 
for the existing equipment are usually greater than they should be, while 
the apparent capital outlay for the replacement is reduced. Therefore, 
this error tends to favor replacements which are really uneconomical. 


PRACTICAL FACTORS IN ALTERNATIVE-INVESTMENT AND 
REPLACEMENT STUDIES 


The previous discussion has presented the theoretical viewpoint of alter- 
-native-investment and replacement studies; however, certain practical con- 
siderations also influence the final decision. In many cases, the amount 
of available capital is limited. From a practical viewpoint, therefore, it 
may be desirable to accept the smallest investment which will give the 
necessary service and permit the required return. Although a greater in- 
vestment might be better on a theoretical basis, the additional return 
would not be worth the extra risks involved when capital must be borrowed 
or obtained from some other outside source. 
A second practical factor which should be considered is the accuracy of 
the estimations used in determining the rates of return. A theoretically 
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sound investment might not be accepted because the service life used in 
determining depreciation costs appears to be too long. All risk factors 
should be given careful consideration before making any investment, and 
the risk factors should receive particular attention before accepting an 
investment greater than that absolutely necessary. 

The economic conditions existing at the particular time may have an 
important practical effect on the final decision. In depression periods or 
in times when economic conditions are very uncertain, it may be advisable 
to refrain from investing any more capital than is absolutely necessary. 

Many intangible factors enter into the final decision on a proposed in- 
vestment. Sometimes it may be desirable to impress the general public by 
the external appearance of a property or by some unnecessary treatment 
of the final product. These advertising benefits would probably receive 
no consideration in a theoretical economic analysis, but they certainly 
would influence management’s final decision in choosing the best invest- 
ment. 

Personal whims or prejudices, desire to better a competitor’s rate of pro- 
duction or standards, the availability of excess capital, and the urge to 
expand an existing plant are other practical factors which may be involved 
in determining whether or not a particular investment will be made. 

Theoretical analyses of alternative investments and replacements can be 
used to obtain a dollars-and-cents indication of what should be done about 
a proposed investment. The final decision depends on these theoretical 
results plus practical factors determined by the existing circumstances. 


PROBLEMS 


1. A proposed chemical plant will require a fixed-capital investment of $10 million. 
It is estimated that the working capital will amount to 25 per cent of the total invest- 
ment, and annual depreciation costs are estimated to be 10 per cent of the fixed-capital 
investment. If the annual profit will be $3 million, determine the standard per cent 
return on the total investment and the minimum payout period. 

2. An investigation of a proposed investment has been made. The following result 
has been presented to management: The minimum payout period based on capital re- 
covery using a minimum annual return of 10 per cent as a fictitious expense is 10 years; 
annual depreciation costs amount to 8 per cent of the total investment. Using this in- 
formation, determine the standard rate of return on the investment. 

3. The information given in Prob. 2 applies to conditions before income taxes. If 
45 per cent of all profits must be paid out for income taxes, determine the standard 
rate of return after taxes using the figures given in Prob. 2. 

4. A heat exchanger has been designed and insulation is being considered for the 
unit. The insulation can be obtained in thicknesses of 1, 2, 3, or 4in. The following 
data have been determined for the different insulation thicknesses: 
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a 








1 in. 2 in. 3 in. 4 in. 
Sti ESBS V CULE emanate esc ocscha ks ps 8 300,000 | 350,000 | 370,000 | 380,000 
Cost for installed insulation. ............. $1200 $1600 $1800 $1870 
OUR RUERCORCHATUGN Sram ricer. ak os 6 2: 10% 10% 10% 10% 





What thickness of insulation should be used? The value of heat is 30 cents per 
1 million Btu. An annual return of 15 per cent on the fixed-capital investment is re- 
quired for any capital put into this type of investment. The exchanger operates 300 
days per year. 

5. A company must purchase one reactor to be used in an over-all operation. Four 
reactors have been designed, all of which are equally capable of giving the required 
service. The following data apply to the four designs: 











Design | Design | Design | Design 
1 2 3 4 
Fixed-capital investment................. $10,000 | $12,000 | $14,000 | $16,000 
Sum of operating and fixed costs per year 
(all other costs are constant)........... 3,000 2,800 2,300 2,100 





If the company demands a 15 per cent return on any unnecessary investment, which 
of the four designs should be accepted? 

6. The capitalized cost for a piece of equipment has been found to be $55,000. ‘This 
cost is based on the original cost plus the present value of an indefinite number of re- 
newals. An annual interest rate of 12 per cent was used in determining the capitalized 
cost. The salvage value of the equipment at the end of the service life was taken to be 
zero, and the service life was estimated to be 10 years. Under these conditions, what 
would be the original cost of the equipment? 

7. An existing warehouse is worth $500,000, and the average value of the goods 
stored in it is $400,000. The annual insurance rate on the warehouse is 1.1 per cent, 
and the insurance rate on the stored goods is 0.95 per cent. If a proposed sprinkling 
system is installed in the warehouse, both insurance rates would be reduced to three- 
quarters of the original rate. The installed sprinkler system would cost $20,000, and 
the additional annual cost for maintenance, inspection, and taxes would be $300. The 
required write-off period for the entire investment in the sprinkler system is 20 years. 
The capital necessary to make the investment is available. The operation of the ware- 
house is now giving an 8 per cent return on the original investment. Give reasons why 
you would or would not recommend installing the sprinkler system. 

8. A power plant for generating electricity is one part of a plant-design proposal. 
Two alternative power plants with the necessary capacity have been suggested. One 
uses a boiler and steam turbine while the other uses a gas turbine. The following in- 
formation applies to the two proposals: 
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Boiler and 


, Gas turbine 
steam turbine 





Initial investmentes.... asin nea $600 , 000 $400 , 000 
Fuel costs, par year. os icksah sees , 16,000 23 ,000 
Maintenance and repairs, per year. . . 12,000 15,000 
Insurance and taxes, per year........ 18 ,000 12,000 
Pervice Lie: “Vante.7c. sds aa 20 10 
Salvage value at end of service life. .. 0 0 


All other costs are the same for either type of power plant. A 12 per cent return is 
required on any investment. If one of these two power plants must be accepted, which 
one should be recommended? 

9. The facilities of an existing chemical company must be increased if the company 
is to continue in operation. There are two alternatives. One of the alternatives is to 
expand the present plant. If this is done, the expansion would cost $130,000. Addi- 
tional labor costs would be $150,000 per year, while additional costs for overhead, de- 
preciation, taxes, and insurance would be $60,000 per year. 

A second alternative requires construction and operation of the new facilities at a 
location about 50 miles from the present plant. This alternative is attractive because 
cheaper labor is available at this location. The new facilities would cost $200,000. 
Labor costs would be $120,000 per year. Overhead costs would be $70,000 per year. 
Annual insurance and taxes would amount to 2 per cent of the initial cost. All other 
costs except depreciation would be the same at each location. If the minimum return 
on any acceptable investment is 9 per cent, determine the minimum service life allow- 
able for the facilities at the distant location for this alternative to meet the required 
incremental return, The salvage value should be assumed to be zero, and straight-line 
depreciation accounting may be used. 

10. A chemical company is considering replacing a batch wise reactor with a modern- 
ized continuous reactor. The old unit cost $40,000 when new 5 years ago, and depre- 
ciation has been charged on a straight-line basis using an estimated service life of 15 
years and final salvage value of $1000. It is now estimated that the unit has a remain- 
ing service life of 10 years and a final salvage value of $1000. 

The new unit would cost $70,000 and would cause an increase of $5000 in the gross 
annual income. It would permit a labor saving of $7000 per year. Additional costs 
for taxes and insurance would be $1000 per year. The service life is estimated to be 
12 years with a final salvage value of $1000. All costs other than those for labor, in- 
surance, taxes, and depreciation may be assumed to be the same for both units. The old 
unit can now be sold for $5000. If the minimum required return on any investment is 
15 per cent, should the replacement be made? 

11. The owner of a small antifreeze plant has a small canning unit which cost him 
$5000 when he purchased it 10 years ago. The unit has been completely depreciated, 
but the owner estimates that it will still give good service for 5 more years. At the 
end of 5 years the unit will be worth a junk value of $100. The owner now has an 
opportunity to buy a more efficient canning unit for $6000 having an estimated service 
life of 10 years and zero salvage or junk value. This new unit would reduce annual 
labor and maintenance costs by $1000 and increase annual expenses for taxes and in- 
surance by $100. All other expenses except depreciation would be unchanged. If 
the old canning unit can be sold for $600, what replacement return on his capital in- 
vestment will the owner receive if he decides to make the replacement? 


CHAPTER 7 


COST ESTIMATION 


Costs in chemical processes have been discussed in Chap. 2, where a de- 
tailed description of the various expenses involved in manufacturing opera- 
tions is presented. It is now appropriate to consider methods for making 
estimates of these costs. In general, there are two different types of cost 
estimates encountered by design engineers: predesign estimates and firm 
estimates. 

Firm estimates are based on complete specifications including all details, 
such as electrical and piping layouts, architectural design, and instrument 
specifications. Price quotations for individual pieces of equipment are ob- 
tained on the basis of complete blueprints and drawings. A firm estimate 
should give a result within approximately +10 per cent of the actual cost. 
Because of the large amount of detailed work necessary to prepare a firm 
cost estimate, this step is usually not made until preliminary work has 
indicated that the new project should be undertaken. Much of the infor- 
mation developed while making a firm estimate can be used as the final 
specifications for construction and operation of the proposed plant. 

Predesign cost estimates require much less detail than firm estimates, 
but the predesign or preliminary analyses are extremely important for de- 
termining if a proposed project should be given further consideration. For 
this reason, most of the information presented in this chapter is devoted to 
predesign estimates, although it should be understood that the distinction 
between predesign and firm estimates gradually disappears as more and 
more detail is included. 


ESTIMATION OF CAPITAL INVESTMENT 


Capital investment is defined as the total amount of money needed to 
supply necessary manufacturing and plant facilities plus the amount of 
money required for operation of the facilities. Table 1 presents a break- 
down showing the various components of total capital investment. 

Purchased Equipment. The cost of the purchased equipment is the 
basis of several predesign methods for estimating capital investment. The 
determination of equipment cost, therefore, is particularly important. A 
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TABLE 1. BREAKDOWN OF CaprITAL INVESTMENT 


Cost 
Purchased equipment—delivered............ $ 
Complete installation of equipment.........- 
Insulation 22ad hohe tees reas ees ae 
Tnstrumentationiant tae ee eee nee 
Piping? vk.e rae Soo oe ee er aware eee 


Electrical installations: 72: a fegan~ = ees 
Buildings including services................ 
Yard INprovementey- ave cet eee eee ee 
Service fact ties: cc. ccna trate erate ars 


Total ‘physieal cost... 257 sas. es eee: $ 
Engineering and construction............... 


Direct plant: cost......5.05.ee a sees $ 
Contractor's fee asic io et ree eae ee 
Gontinganey a. eee ernie ee ieee 

Fixed-capital investment................- $ 


Working capital Seite ste ie has nt ease ane 


‘Total capital investments: 20.2... encore ee $ 


* Working capital is the amount of money which must be available for the normal 
conduct of business. It includes the following: (1) raw-materials and supplies inventory 
(estimated to be 1 month’s supply); (2) product and in-process inventory (estimated 
to be total product cost for 1 month of operation); (3) accounts receivable (estimated to 
be total product cost for 1 month of operation); and (4) available cash (estimated 
to be amount of money for monthly payment of operating expenses, such as salaries, 
wages, and raw-material purchases). In ordinary chemical plants, working capital 
amounts to approximately 10 to 20 per cent of the total capital investment. 


complete list of necessary equipment must be drawn up, and the cost of 
each unit must be determined. In chemical processes, the bulk of the 
equipment consists of tanks, pumps, heat exchangers, agitators, vessels, 
and other standard items for which prices are readily available. 

The various types of equipment can often be divided conveniently into 
groups as follows: (1) processing equipment, (2) raw-materials handling 
and storage equipment, and (3) finished-products handling and storage 
equipment. The cost of auxiliary equipment and materials, such as insula- 
tion and ducts, should also be included. Costs for a large number of dif- 
ferent. types and capacities of equipment are presented in Chaps. 14 
through 17, and the reader is referred to these sections for individual costs. * 


Additional references on cost data are presented in the reference list at the end of 
this chapter. 
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Stx-tenths-factor Rule for Estimating Equipment Cost. It is often neces- 
sary to estimate the cost of a piece of equipment when no cost data are 
available for the particular size or operational capacity involved. If the 
cost is known for a piece of equipment with a given capacity, the six- 
tenths-factor rule can be used to obtain an estimate of the price for similar 
equipment having a different capacity. According to this rule, if the cost 
of a given unit at one capacity is known, the cost of a similar unit with X 
times the capacity of the first ts approximately (X)°-® times the cost of the 
initial unit.% * 


0.6 
capac. equip. a\": 
Cost of equip. a = cost of equip. b (een) 


capac. equip. b 


The preceding equation indicates that a log-log plot of capacity versus 
equipment cost for a given type of equipment should be a straight line 
with a slope equal to 0.6. Figure 7-1 presents a plot of this sort for shell- 


ae nell 
AGieseleiza Scales 
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Fic. 7-1. Application of “six-tenths-factor” rule to costs for shell-and-tube heat, ex- 
changers. [J. Happel et al., Estimating Chemical Engineering Costs, Chem. Eng., 53(10) :99 
(1946); R. Aries and R. Newton, ‘Chemical Engineering Cost Estimation,” McGraw-Hill 
Book Company, Inc., New York, 1955.] 


and-tube heat exchangers. Many cost data have been correlated in a simi- 
lar manner, and the agreement with the six-tenths-factor rule is surprisingly 
good. 

The rule may be applied for estimating both purchased- and installed- 
equipment costs when additional data are not available. In general, it 
should not be used beyond a tenfold range of capacity, and care must be 


* Superscript numerals are keyed to the References at the end of this chapter. 
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taken to make certain the two pieces of equipment are similar with regard 
to type of construction, materials of construction, temperature and pressure 
operating range, and other pertinent variables. 

Installation of Equipment. Equipment installation involves costs for 
labor, foundations, supports, platforms, site preparation, and other factors 
directly related to the erection of the equipment. Table 2 presents the 
general range of installation cost as a percentage of the purchased-equip- 
ment cost for various types of equipment. 


TABLE 2. INSTALLATION Cost FOR EQUIPMENT AS A PERCENTAGE OF THE 
PURCHASED-EQUIPMENT Cost 


Installation 

Type of equipment cost, % 
Centrifugal separators. . 65s as-05 0 mene weer 10-35 
COOMINOSBOT iy ct vied eae Fn. oe sine alata ae 20-60 
TV ERS aos ones Sse oaks ies aE ee 30-60 
Piva poratoree ry cad slau uke ot orate eee 10-40 
Falhere: ooh et oh ote ae an ce ee earns 25-45 
FiGAT CKCHORROLG., siy.c poietn ida ns sitet natalie 10-35 
Mechanical crystallizers...5........4.2s0650 30-50 
Neotel Catt ce orto te hn eaten a eames ee 20-40 
IVMINGTN Ce alte pce aes ae eae ee 10-30 
PUG Ge oy oe es ee ea eee 10-50 
SOW CEB Loy Bee scl Sia eck oo ee ree de Reale ees 25-50 
VI RUCUICLININOTy StreulltZ CTs sie. ne eee Serene cto 40-55 
VVOGG LATICES we vure alee casceurer gee dis oie te mete ae ee. 30-60 


Analyses of installed costs of equipment in a number of typical chemical 
plants indicate that the cost of the purchased equipment is approximately 
70 per cent of the installed cost.*? Costs for equipment installation, there- 
fore, are often estimated to be 100/0.70 — 100 = 43 per cent of the pur- 
chased-equipment cost. 

Insulation Costs. When very high or very low temperatures are in- 
volved, insulation factors can become important, and it may be necessary 
to estimate insulation costs with a great deal of care. Expenses for equip- 
ment insulation and piping insulation are often included under the respec- 
tive headings of equipment-installation costs and piping costs. 

The total cost for the labor and materials required for insulating equip- 
ment and piping in ordinary chemical plants is approximately 8 per cent 
of the purchased-equipment cost. Table 3 gives material and installation- 
labor expenses for some of the common types of insulation.2 
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TABLE 3. INSULATION Costs 
a a8 eh ee Se Se ee eee 
Cost (1957) per sq ft for 





Type of insulation 
Material Labor 


Corkboard: 
1 re eee See eae ka en a $0.20 $0.75 
gO La Pete hee, fo een Laas ie ee pa 0.40 Ori 
Cork lagging: 
LST eee ee ke epee Sts. 0.40 ih Ane 
PDT ater, a teen pitts Rane ane oka eee 0.60 1.10 
Magnesia block: 
Deb aN SRE ERNE AR ee Mr oye RP me 0.40 1.50 
Ay aieee , Ces Nad era ry 5 et 2 0.75 1.60 
Mineral-wool blankets: 
TROT ite ees eC Seen AA 0.45 1.10 
PITAL Ee SN See 8 0.65 PaO 
Mineral-wool blocks: 
RITES Aare eve eters oe ie. east os 0.35 1.50 
DMM erat oeae eastesee wishes. cots woot 0.65 1.60 


Instrumentation. Instrument costs, installation-labor costs, and ex- 
penses for auxiliary equipment and materials constitute the major portion 
of the capital investment required for instrumentation. This part of the 
capital investment is sometimes combined with the general equipment 
groups. Total instrumentation cost depends on the amount of control re- 
quired and may amount to 3 to 30 per cent of the purchased cost for all 
equipment. 

Table 4 indicates the purchased costs for different types of instruments. 
Depending on the complexity of the instruments and the service, addi- 
tional charges for installation and accessories may amount to 40 to 80 per 
cent of the purchased cost, with the installation charges being approxi- 
mately equal to the cost for accessories.” 7% *7 

Piping. The cost for piping covers labor, valves, fittings, pipe, sup- 
ports, and other items involved in the complete erection of all piping used 
directly in the process. This includes raw-material, intermediate-product, 
finished-product, steam, water, air, sewer, and other process piping. De- 
tailed information for estimating piping costs is presented in Chap. 14; how- 
ever, a rough estimate of the capital investment for piping in various types 
of processes can be obtained from Table 5. 
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TABLE 4. PurRcHASED Cost oF INSTRUMENTS 


Type of instrument Cost (1957) 
Temperature: 
Industrial thermometers. rset. o eter tetatteeneeewne es $ 30 
Recording thermometer.............--+++++sseeeeees 180 
Recording-controlling thermometer............--+-- 430 
Indicating pyrometer:. .........--22v.seeniwevess ste 200 
Recording pyrometery 7/2225 fase). foes eee eine 460 
Recording-controlling pyrometer..........--...+55: 700 
Multipoint recording pyrometer...............++--- 1000 
Flow: 
Displacement meter: «2... 66. nee dee nese ene es 220 
Indicating manometer. c4.c0 fun eo ohne eta 180 
Recording Mhanometer ss vy: ss cue ees ar ha 380 
Recording-controlling manometer. .........-...-.-- 620 
Indicating rotameter (less than 250 gpm)........... 140 
Indicating rotameter (more than 750 gpm).......... 290 
Regording Trotametere: 22... see wee ee wk ee ee 430 
Recording-controlling rotameter................... 670 
Pressure: 
[Safe his ist: a Ans eee nl UM ory a erg ect 40 
HibeGrCia rnb eae aiccncale ecnre, Sad eee eck ie ees ec 150 
Récording-controuing. 2.05 on ose ee wc eee 400 
Liquid level: 
RARUGE: PUBS) sacle dere eeciy dented eaten mie eh rete 60 
Tniod ting; av sates watana ad pee iehs any ox ties 150 
Revording i carve pees 6 on ieee a cae ee eee 230 
Recorameg-con trou? pause cae eee eee oe cease 480 


TABLE 5. Prpina Costs 


Per cent of purchased- 
equipment cost for 
Type of process 





Material Labor | Total 
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Electrical Installations. The cost for electrical installations consists 
primarily of installation labor and materials for power and lighting, with 
building-service lighting usually included under the heading of building- 
and-services costs. In ordinary chemical plants, electrical-installations 
cost amounts to 10 to 15 per cent of the value of all purchased equipment. 
Table 6 gives approximate costs for standard electrical auxiliaries.2 7 


TABLE 6. Cost or ELecrricaL INSTALLATIONS 


Installed 

Type of industrial installation cost (1957) 
Substations and switch gear............ $ 40/kva 
Inside lighting, standard............... 50 each 
Inside lighting, explosion-proof......... 120 each 
Outside lighting, standard flood........ 600 each 
Cyerhead feedera 27-4 esos. cso ee. 5/ft 
Underground feeders.................. 10/ft 


Buildings Including Services. The cost for buildings including services 
consists of expenses for labor, materials, and supplies involved in the erec- 
tion of all buildings connected with the plant. Costs for plumbing, heat- 
ing, lighting, ventilating, and similar building services are included. The 
cost of buildings including services for different types of buildings is shown 
in Tables 7 and 8.2% In Table 7, the designation “indoor construction”’ 
refers to plants in which most of the operating equipment is located indoors, 
while ‘‘outdoor construction” refers to those plants that have a large por- 
tion of the major equipment located outdoors. 


TaBLeE 7. Erecrep Cost or BuriLpINGs INCLUDING SERVICES BASED ON 
EQuIPMENT Cost 


Building-and-services 
cost, % of purchased- 
equipment cost 


Purchased-equipment cost 





Indoor Outdoor 
construction | construction 





Less than $250,000........... 80 50 
$250,000-$1,000,000.......... 65 40 
More than $1,000,000......... 50 30 
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TaBLE 8. Erecrep Cost or Burtpinas INCLUDING SERVICES 


Cost (1957) 


per sq ft 
Type of building including services of floor area 
Manufacturing, 15-ft floor clearance: 
Steel frame, brick and concrete walls, concrete floors 
and roof, heating, lighting, plumbing, sprinklers, 
GleWAROT Es < cicns brates i> hence town Geese ie eta en ore $20 
Steel frame, walls, and roof, concrete floors, lighting, 
plumbing, sprinklers...........-+.26.sseeeeeeeee 15 
Steel frame and roof, concrete floors, open sides, light- 
ing, sprinklers....... eT ee PIE EN he ee 10 
Laboratory: 
Steel frame, brick and concrete walls, concrete floors 
and roof, heating, lighting, plumbing, sprinklers.... 20 
Laboratory 6quipmentiyis.c5 oes. 5 sae aes 25 
Office: 


Steel frame, brick and concrete walls, concrete floors 
and roof, heating, lighting, plumbing, sprinklers... 20 
Office furtiiturhes (1m5ceu. Ree ee ke Asa a ov we 5 
Warehouse, one-story: 
Steel frame, brick and concrete walls, concrete floors 


and roof, heating, lighting, sprinklers............. 10 
Steel frame, walls, and roof, concrete floors, lighting, 
SUUVTTE IGE ici yre ee ata ce Se oe Fe EIS bo Rhy ve a May late i VEG 


Type of service 


Electrical lighting, processing building............... $ 1.00 
Kiectrical lighting. “warehouse:)..0 6 \...95 ss s-r..ckles ee 0.50 
Heating excluding Dotlerjis.. 27 <a sae eee 1.00 
PUY CONGO came ma ease eg are, eee ee 3.00 
SPUAU ler tense kien, eins oo oe ger cera ee ae ne ae 0.50 


Yard Improvements. Costs for fencing, grading, roads, sidewalks, rail- 
road sidings, landscaping, and similar items constitute the portion of the 
capital investment included in yard improvements. Yard-improvements 
cost for chemical plants approximates 10 to 15 per cent of the purchased- 
equipment cost. The total expense for some typical yard improvements 
is indicated in Table 9.2 


TABLE 9. Costs FoR YARD IMPROVEMENTS 


Yard improvement Total cost (1957) 
Asphalt pavement: 2.2) wisag..c6 ss oan oes $ 3 per sq yd 
Conerate sldewalkt .. 0. san oes eee eee 3 per sq yd 
Railroad siding | 2-5 ot aw ee 14 per lin ft 


Standard chain-link fencing................... 3 per lin ft 
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Service Facilities. Utilities for supplying steam, water, power, com- 
pressed air, and fuel are part of the service facilities of an industrial plant. 
Waste disposal, fire protection, and miscellaneous service items, such as 
shop, first aid, and cafeteria equipment and facilities, require capital in- 
vestments which are included under the general heading of service-facilities 
cost. 

The total cost for service facilities in chemical plants generally ranges 
from 20 to 70 per cent of the purchased-equipment cost. Table 10 presents 
costs for various types of service facilities. 


TaBLe 10. INSTALLED Costs or SERVICE FACILITIES 


Type of utility Total installed cost (1957) 
OSSRIRON GU ace, a ewaty WAle sheer one oaks ae $220 .00/kva 
RUNS Srl ea te A 2 RE Matte ies cic gt, 6.00/ (Ib) (hr) 
WV GUSE WOU cS tun me a bier oxte kai 0.50/gph 
PON OUY ROR Serra teecsivcint sighs usa a aes ars 1.40/gph 
WhaterraOrbenimin tic teerte) nis. s beeen es 2.80/gph 
Coping tawers tek saset he a4 PP asa 0.60/gph 
OWAR CUIRDORR car tie testes. cia. Rats ffs 2.80/gph 
Dian eOuured: Base. occ. Sa.< ay aire comes 5.00/cfh 
COSTOTORRE RIP socio oo 6 aug a tale Su 50.00/cfm 


Land. The cost for land depends on the location and may vary from 
less than $300 per acre in some rural districts to more than $5000 per acre 
in highly industrialized areas. As a rough average, land costs for industrial 
plants amount to 1 to 2 per cent of the total capital investment. Because 
the value of land usually does not decrease with time, this value should not 
be included in the capita! investment when estimating certain annual op- 
erating costs, such as depreciation. 

Engineering and Construction. The costs for construction design and 
engineering, field offices, field supervision, insurance, temporary construc- 
tion, inspection, and general construction overhead constitute the capital 
investment for engineering and construction. This cost is ordinarily in 
the range of 10 to 20 per cent of the total physical cost. 

Contractor’s Fee. The contractor’s fee varies for different situations, 
but it can be estimated to be about 4 to 10 per cent of the direct plant 
cost. 

Contingencies. A contingency factor is usually included in an estimate 
of capital investment to compensate for unpredictable events, such as 
storms, floods, strikes, price changes, small design changes, errors in esti- 
mation, and other unforeseen expenses. Contingency factors ranging from 
8 to 30 per cent of the direct plant cost are commonly used, with 10 to 20 
per cent being considered a fair average value, 
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Methods for Estimating Capital Investment 


Various methods can be employed for estimating capital investment. 
The choice of any one method depends upon the amount of detailed infor- 
mation available and the accuracy desired. Six methods are outlined in 
this chapter, with each method requiring progressively less detailed infor- 
mation and less preparation time. Consequently, the degree of accuracy 
decreases with each succeeding method. A maximum accuracy within ap- 
proximately +10 per cent of the actual capital investment can be obtained 
with method A. 

Method A. Detailed-item Estimate. A detailed-item estimate requires 
careful determination of each individual article shown in Table 1. Quota- 
tions and detailed estimates of purchased price and installation costs for 
each piece of equipment or plant facility are used to determine the total 
physical cost. The balance of the fixed-capital investment, including en- 
gineering and construction, contractor’s fee, and contingency, is estimated 
by use of the percentage factors given in the preceding sections. Working 
capital may be estimated by using the information presented in the footnote 
accompanying Table 1. 

Method B. Item Costs as Percentage of Delivered-equipment Cost. ‘This 
method for estimating the capital investment requires determination of the 
delivered-equipment cost. The other items included in the total physical 
cost are then estimated as percentages of the delivered-equipment cost. 
The additional components of the capital investment are based on average 
percentages of the total physical cost, direct plant cost, or total capital 
investment. 

The percentages used in making an estimation of this type should be 
determined on the basis of the type of process involved, design complexity, 
required materials of construction, location of the plant, past experience, 
and other items dependent on the particular unit under consideration. 
Average values of the various percentages have been determined for typical 
chemical plants, and these values are presented in Table 11.9394! 

Method C. Multiplication Factors for Approximation of Capital Invest- 
ment. The percentages given in Table 11 are rough approximations which 
hold for the types of plants indicated. These values, therefore, may be 
combined to give multiplication factors that can be used for estimating the 
fixed-capital investment, the direct plant cost, the total physical cost, or 
the total capital investment. Factors for estimating the fixed-capital in- 
vestment or the total capital investment are given in Table 12. It should 
be noted that these factors include costs for land and contractor’s fees. 

Method D. Power Factor Applied to Plant-capacity Ratio. This method 
is applicable for determining fixed-capital investment, and _ it requires 
knowledge of the fixed-capital investment for another plant using the same 
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TABLE 11. PERCENTAGE Factors FOR ESTIMATING CAPITAL-INVESTMENT ITEMS BASED 
ON DELIVERED-EQUIPMENT Cost 


The values presented in this table are averages based on estimated and actual costs 
for major additions to chemical plants at an existing site where the necessary land ig 
available through purchase or present ownership.* The values are based on fixed-capi- 
tal investments ranging from $500,000 to $5,000,000. 





Per cent of delivered- 
equipment cost for 




















Item 
Solid- Solid-fluid- Fluid- 
processing | processing | processing 
plant + plant ft plant § 
Purchased equipment—delivered............. 100 100 100 
Equipment installation (including instrumenta- 

HOMTANGEINISULARION) = o-c sey seeie s ae seein eas 43 43 43 
Piping (including insulation)...............-. 14 36 86 
Wiastrica  nstAllAtiONs 2. ise el 6s as BAS 15 15 15 
Buildings including services..........--.+++-- 35 35 35 
Yard improvements. .........-.:--+-+eeeeeees 13 10 10 
SO RRC) ROLE oR PLR a Oe a ae ae 20 35 50 
Land (if purchase is required).............--. 6 6 6 

Total physical Gost... 0.5.0.2. gee has eee 246 280 345 
Engineering and construction. ........---.... 30 40 65 
Direct plant cost. .........-.--2eesee cece 276 320 410 
Contractor’s fee (about 7% of direct plant cost) 19 22 29 
Contingency (about 15% of direct plant cost) Al 48 62 
Fixed-capital investment........------++-- 336 390 501 
Working capital (about 15% of total capital in- 
SRMRUTYMING TOIT) oie cB ce te hein xs ee kag ae 60 70 90 
Total capital investment. ..........++++-+> 396 460 591 











suns nnn 


* Owing to the extra expense for supplying service facilities, storage facilities, loading 
terminals, transportation facilities, and other necessary utilities at a completely unde- 
veloped site, the fixed-capital investment for a new plant located at an undeveloped 
site may be as great as two times the fixed-capital investment for an equivalent plant 
constructed as an addition to an existing plant. 

+ A coal-briquetting plant would be a typical solid-processing plant. 

t A solvent-extraction plant complete with bean-preparation and meal-processing 
facilities would be a typical solid-fluid-processing plant. 

§ A distillation unit would be a typical fluid-processing plant. 
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~_ 
TasLe 12. Muvuripiicatrion Factors ror EsriMATION OF FIxXED-CAPITAL 
INVESTMENT OR ToTAL CAPITAL INVESTMENT 


Factor X delivered-equipment cost = fixed-capital investment or total capital invest- 
ment for major additions to an existing plant. 





Factor for 


Type of plant 
Fixed-capital | Total capital 
investment investment 


Solid-processing plant........... 3.4 
Solid-fluid-precessing plant. ..... 3.9 
Fluid-processing plant.......... 5.0 


oT 
ooo 


process but having a different production capacity. If a log-log plot of 
production capacity versus fixed-capital investment is made for one proc- 
ess, the resultant plot will ordinarily be well represented by a straight line. 
In general, the slopes of these straight lines for various processes average 
about 0.7.2:°° Therefore, the relation between the fixed-capital invest- 
ments and the production capacities of plants I and II for the same process 
may be approximated as 

prod. capac. I i. 


Fix.-cap. inv. I = fix.-cap. inv. II ( 
prod. capac. II 


If it is necessary to use multiple production units instead of individual 
units in order to achieve high capacity, the power factor may increase to 
0.8 to 1.0. On the other hand, for very small plants or for processes in- 
volving extremes of temperature and pressure, the power factor may be as 
low as 0.3 to 0.5. 

Method E. Investment Cost per Unit of Capacity. Many data have been 
published giving the fixed-capital investment required for various processes 
per unit of annual production capacity." 377 Although these values de- 
pend to some extent on the capacity of the individual plants, it is possible 
to determine the unit investment costs which apply for average conditions. 
Average factors of fixed-capital investment per annual ton of production 
capacity are presented in Table 13. An estimate of the fixed-capital invest- 
ment for a given process can be obtained by multiplying the appropriate 
factor by the production capacity of the proposed plant in tons per year. 

The values presented in Table 13 are for 1957 price levels. The neces- 
sary correction for change of costs with time can be made by use of cost 
indexes, as discussed later in this chapter, 


COST ESTIMATION 103 
TaBLe 13. Frxep-caprraL INVESTMENT PER ANNUAL TON OF CAPACITY AND TURNOVER 
Ratios FoR Various CHEMICAL PLANTS 


Rie taabinent domi $ fixed-capital en 
annual ton of production capacity 


sales value of product as $/year 





Turnover ratio = TEC 
$ fixed-capital investment 


Unit Turn- 
Type of plant investment | over 
cost (1957) | ratio 


Acetaldehyde from acetylene................ 54 4.2 
Acetic acid from acetaldehyde............... 50 3.8 
Acetic acid from alcohol oxidation............ 270 Oo7 
Acetic anhydride from acetic acid............ 200 1.4 
Acetylene from calcium carbide.............. 230 ileal 
ATU eRAn TIO SIASITE SOUR UES; fo Wt as Paes ok eaters wae 100 0.8 
INGsouealesavton Tppalelate NCL se, 6 eae, eure mici rs pores aE ree le 250 0.4 
PR TNNATUGTU TI NINES hse eae 9 eps 2 es 2 «08 8 5.6 
Aniline trom: nitrobenZeneG wee ss oh - 320 1.2 
PLACE OM DULANG Sc. c 5s oa sone sae 8s 1200 0.2 
Ube O eS VATLDCUIC meine chur eit crs cies) 580 0.6 
CUBITT CUP INIO Bee: oe cic ee lw eine nm mee 87 1.6 
(eatin ie OOP MIBDIC fa4 25 stew unin sok Pak oem ot 21 1.0 
Chlorine and caustic, electrolytic............. 290 0.5 
PRR THIN © Meee id a. a cdo eck w 8 oo 160 thal) 
[Ener arelbragoroal Seales teks se Sing 5 etre. A tg & ach bee 85 1.8 
Ethylene dichloride. ..... 6... cece ee cree e cs 400 0.5 
TOGH VAGIIM ae YOO tlc ahr ay ms POH fon Sees pA ere zed 310 Fa 
Formaldehyde, 37%, from hydrocarbons. ..... 170 0.5 
Formaldehyde, 37%, from methanol.......... 18 4.2 
EUIT SUIT A Sere re entice ware the fv viaieyeytia aoa’ 310 0.7 
Glycerine, synthetic. ............--0eeeeeeee 620 10 
Hydrochloric acid from salt...........--++-- 170 0.4 
Hydrofluoric acid. ..........6--- essere ee eee 210 200 
ATT eh clits Hed Wins Cte Ves wale oat 6 1.8 
Methanol, synthetic. .............6seee sees 270 0.4 
Nitric acid, synthetic..........-----++++++:- 170 Loa 
Paper, Kraft or newsprint, from BOlp oe ay cae 150 0.8 
Pentaerythritol...........- 00 cece eee e teens 480 1.4 
Phenol, synthetic. ........-----:eeeeee eee 450 0.8 
Phosphoric acid, blast furnace. .......------+ 180 0.7 
Phosphoric acid, Dorr process. .......--+-+>- 61 2.0 
Soda ‘aalt.”......: ERO aA Oe ie eae WOE Ae 70 0.4 
RvR ert y= fate ce ee pe ethene sere 600 0.6 
Sulfuric acid, contact, from pyrites........... 40 0.6 
Sulfuric acid, contact, from sulfur.........--: 19 1.2 
UE He Te oo sie elerg 8 acess cee ce na sista nea OD 49 2.3 


De ee 
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Method F. Turnover Ratios. Turnover ratio is defined as the dollars of 
annual sales value per dollar of fixed-capital investment. Table 13 presents 
average values of turnover ratios for a number of different processes. The 
annual sales value of the products from a proposed plant divided by the 
appropriate turnover ratio gives a rough estimate of the necessary fixed- 
capital investment. 


sales value of products as $/year 





Fix.-cap. inv. = : 
turnover ratio 


Sales value of products as $/year = production capacity as tons/year 
X selling price of products as $/ton 


The reciprocal of turnover ratio is sometimes defined as capital ratio. 

A general rule of thumb for estimating fixed-capital investment is based 
on the assumption that the turnover ratio is 1.0. With this assumption, 
one dollar of fixed-capital investment is required for each dollar of annual 


sales value. 
COST INDEXES 


When a firm cost estimate is made, it is necessary to obtain quotations 
from manufacturers in order to know the exact cost for a given article at 
the present time. For predesign estimates, however, it is seldom advisable 
to obtain an accurate quoted price from an outside source. Instead, availa- 
ble cost data are usually employed. If these data are treated correctly, an 
accurate estimate based on existing conditions can be obtained. 

Most cost data which are available for immediate use in a preliminary 
or predesign estimate are based on conditions at some time in the past. 
Because prices may change considerably with time, some method must be 
used for converting costs applicable at a past date to equivalent costs that 
are essentially correct at the present time. This can be done by the use of 
cost indexes. 

A cost index is merely a number for a given year showing the cost at 
that time relative to a certain base year. If the cost at some time in the 
past is known, the equivalent cost at the present time can be determined 
by multiplying the original cost times the ratio of the present index value 
to the index value applicable when the original cost was obtained. 


index value at present time 





Present cost = original cost 
index value at time original 


cost was obtained 


Cost indexes can be used to give a general estimate, but no index can 
take into account all factors, such as special technological advancements or 
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‘local conditions. The common indexes permit fairly accurate estimates if 
the time period involved is less than 10 years. 

Many different types of cost indexes are published regularly.* Some of 
these can be used for estimating equipment costs; others apply specifically 
to labor, construction, materials, or other specialized fields. The most 
common of these indexes are the Marshall and Stevens All-industry and 
Process-industry Equipment Indexes, the Engineering News-Record Con- 
struction Index, the Nelson Refinery Construction I ndex, and Labor and 
Material Indexes published by the U.S. Bureau of Labor. Table 14 pre- 
sents a list of the values for various types of indexes. 


TasBLe 14. Cosr INDEXES 


oe eesSsSsSsSsSsS 


Marshall and Stevens 


installed-equipment indexes Hing. Netwa-Record 


atntat Nelson refinery 
construction index : 

















1926 = 100 construction-in- 
Year petroleum-in- 
dustry index 
All- Process- 1913 | .1926 1949 1946 = 100 
industry industry = 100| = 100} = 100 

1945 103 104 308 148 65 90 
1946 123 123 346 166 73 100 
1947 151 149 413 199 87 117 
1948 163 162 461 222 97 133 
1949 161 162 477 229 100 140 
1950 168 167 510 245 107 146 
1951 180 178 543 261 114 157 
1952 181 179 569 274 119 164 
1953 183 181 600 288 126 174 
1954 185 184 628 302 132 180 
1955 191 189 660 317 138 184 
1956 209 206 690 332 145 195 
1957 (Jan.) 219 217 709 341 149 202 


Marshall and Stevens Equipment-cost Indexes.t The Marshall and 
Stevens equipment indexes are divided into two categories. The all-indus: 
try equipment index is simply the arithmetic average of the individuas 
indexes for 47 different types of industrial, commercial, and housing equip- 
ment. The process-industry equipment index is a weighted average of 

*For a detailed summary of various cost indexes, see Eng. News-Record, vol. 57, 


no. 23, Dec. 6, 1956. . se 

+ Values for the Marshall and Stevens equipment-cost indexes are published periodi- 
cally in Chemical Engineering. For a complete description of these indexes, see R. W. 
Stevens, Chem, Eng., 64(11):124 (1947). 
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eight of these, with the weighting based on the total product value of the 
various process industries. The percentages used for the weighting in a 
typical year are as follows: cement, 2; chemicals, 48; clay products, 2; 
glass, 3; paint, 5; paper, 10; petroleum, 22; and rubber, 8. 

The Marshall and Stevens indexes are based on an index value of 100 
for the year 1926. These indexes take into consideration the cost of ma- 
chinery and major equipment plus costs for installation, fixtures, tools, 
office furniture, and other minor equipment. 

Engineering News-Record Construction Cost Index.* Relative con- 
struction costs at various dates can be estimated by use of the Engineering 
News-Record construction index. This index shows the variation in labor 
rates and materials costs for industrial construction. It employs a com- 
posite cost for 2500 lb of structural steel, 1088 fbm of lumber, 6 bbl 
of cement, and 200 hr of common labor. The index is usually reported on 
one of three bases: an index value of 100 in 1913, 100 in 1926, or 100 in 1949. 

Nelson Refinery Construction Cost Index.j Construction costs in the 
petroleum industry are the basis of the Nelson refinery construction index. 
The total index percentages are weighted as follows: skilled labor, 30; 
common labor, 30; iron and steel, 24; building materials, 8; and miscel- 
laneous equipment, 8. An index value of 100 is used for the base year of 
1946. 

Materials-and-Labor Cost Indexes. The U.S. Department of Labor 
publishes monthly statistics giving materials and labor indexes for various 
industries.t The data presented in Fig. 7-2 apply for the manufacture of 
process equipment. The labor index is reported as the average earnings 
in cents per hour for workers involved in the manufacture of durable goods. 
This compares with an average wage of approximately 100 cents per hour in 
1926. The material index is based on an index value of 100 in 1926 and 
applies to the metals and metal-products industries. § 

By obtaining a total labor-and-material index, the values given in Fig. 
7-2 can be used to estimate the present cost of purchased equipment from 
the cost of similar equipment at a past date. For process equipment made 


*The Engineering News-Record construction index appears weekly in the Engineering 
News-Record. For a complete description of this index and the revised basis, see Eng. 
News-Record, 143(9) :398 (1949). 
+t The Nelson refinery construction index is published the first week of each month 
in the Oil and Gas Journal. For a complete description of this index, see Oil Gas J 
48(32):91 (1949); 51(9):105 (1952). 

tM onthly Labor Review, U.S. Bureau of Labor Statistics. 

| § In 1952, the materials index was revised to a basis of 100 for the average years of 
1947 to 1949. However, for estimating purchased-equipment costs, the 1926 basis of 
100 is convenient. To convert to the basis of 1926 = 100, multiply the index value based 
on Aa to 1949 = 100 by 1.58 (June, 1950, conversion factor). For details on the 
revised basis, see Monthly Labor Review, 74(2):180 (1952), 


? 
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Material index 
(1926 = 100) 


vA obs 


Index 


/ 
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a he Cael 
VW 
/ Labor index 
(cents per hour) 

















100 
{945 {947 1949 1951 1953 1955 1957 
Year 


Fia. 7-2. Material and labor indexes for manufacture of process equipment. 


of ordinary materials of construction, labor may be assumed as accounting 
for 50 per cent of the total index, while materials account for the other 50 
per cent. If special materials of construction are used, 35 per cent of the 
total index can be attributed to labor and 65 per cent to materials. 

The total labor-and-material index equals the sum of the fractional 
amount of each item times the value of its index. For example, in Janu- 
ary, 1949, the material index was 170 and the labor index was 147. In 
January, 1953, the material index was 200 and the labor index was 187. 
For the case of an evaporator made from ordinary materials of construction, 
the total index in January, 1949, was (170)(0.5) + (147)(0.5) = 158.5. In 
January, 1953, the total index was (200) (0.5) + (187)(0.5) = 193.5. The 
ratio of the two total indexes at two different times may be used to make 
cost estimates. If the purchased cost of an evaporator was $10,000 in 
January, 1949, an equivalent evaporator should have had a purchased cost 
of approximately ($10,000) (193.5/158.5) = $12,200 in January, 1953. 
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ESTIMATION OF TOTAL PRODUCT COST 


Methods for estimating the total capital investment required for a given 
plant are presented in the first part of this chapter. Determination of the 
necessary capital investment is only one part of a complete cost estimate. 
Another equally important part is the estimation of costs for operating the 
plant and selling the products. These costs can be grouped under the gen- 
eral heading of total product cost. 

A breakdown showing the individual components of total product cost 
is presented in Table 15. The amount of each of these component costs 
must be estimated separately to obtain a firm estimate. Preliminary esti- 
mates, however, are often based partially on approximate percentages or 
factors that are applicable to the particular plant or process under con- 
sideration. The percentages indicated in Table 15 give the ranges encoun- 
tered in typical chemical plants. Because of the wide variations in different 
types of plants, the factors presented in Table 15 should be used only when 
more accurate data are not available. 

A detailed description of the various components of total product cost 
is presented in Chap. 2 (Costs in Chemical Processes). Tables 16 through 
21 give information on costs for raw materials, operating labor, utilities, 
and maintenance. The information presented in these tables can be used 
for making preliminary or predesign estimates of total product cost. 


Tasie 15. Estimation or Torat Propuct Cost (SHow1ne INDIVIDUAL COMPONENTS) 


The percentages indicated in the following summary of the various costs involved in 
the complete operation of manufacturing plants are approximations applicable to ordi- 
nary chemical processing plants. It should be realized that the values given can vary 
depending on many factors, such as plant location, type of process, and company policies. 

Percentages are expressed on a yearly basis. 


I. Factory manufacturing cost = direct production costs + fixed charges + plant- 
overhead costs 
A. Direct production costs (about 60% of total product cost) 
1. Raw materials (20+% of total product cost) 
2. Operating labor (5-20% of total product. cost) 
3. Direct supervisory and clerical labor (10-20% of operating labor) 
4. Maintenance and repairs (2-10% of fixed-capital investment) 
5. Operating supplies (10-20% of cost for maintenance and repairs) 
6. Utilities (10-20% of total product cost) 
7. Patents and royalties (0-6% of total product cost) 
B. Fixed charges (10-20% of total product cost) 

1. Depreciation (depends on life period, salvage value, and method of ealcu- 
lation—about 10% of fixed-capital investment for machinery and equipment 
and 2-3% of building value for buildings) 

2. Local taxes (1-4% of fixed-capital investment) 

3. Insurance (0.4-1% of fixed-capital investment) 

4. Rent (8-10% of value of rented land and buildings) 
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TaBLE 15. Estimation or Tora Propuct Cost (SHow1na INpIvIDUAL 


C. 


CoMPONENTS) (Continued) 


Plant-overhead costs (50-70% of cost for operating labor, supervision, and 
maintenance, or 5-15% of total product cost); includes costs for the following: 
general plant upkeep and overhead, payroll overhead, packaging, medical 
services, safety and protection, restaurants, recreation, salvage, laboratories, 
and storage facilities 


II. General expenses = administrative costs + distribution and selling costs + re- 
search and development costs 


III. 
IV. 


A. 


B. 


C. 


dD. 


Administrative costs (about 15% of costs for operating labor, supervision, and 
maintenance, or 2-5% of total product cost); includes costs for executive 
salaries, clerical wages, legal fees, office supplies, and communications 
Distribution and selling costs (2-20% of total product cost); includes costs 
for sales offices, salesmen, shipping, and advertising 

Research and development costs (2-5% of every sales dollar or about 5% of 
total product cost) 

Financing (interest) * (0-6% of total capital investment) 


Total product cost { = factory manufacturing cost + general expenses 
Gross-earnings cost (gross earnings = total income — total product cost; amount 
of gross-earnings cost depends on amount of gross earnings for entire company and 
income-tax regulations; a general range for gross-earnings cost is 30-60% of gross 
earnings) 





* Interest on borrowed money is often considered as a fixed charge. 
} If desired, a contingency factor can be included by increasing the total product cost 


by 1-5%. 


TABLE 16. Price or Raw MATERIALS 


Cost of raw materials = purchased price and delivery expense for all materials consumed in the manu- 


facturing operation + amortized cost of catalytic materials. 
Current cost data for chemicals are available in Chemical and Engineering News (quarterly); Oil, Paint, 


and Drug Reporter; and other regular publications. 
Following are price trends for six basic chemicals. (Upper line of figures indicates high for year cited; 


lower line indicates low for year cited.) 











Chemical 1950 1951 1952 1953 1954 1955 1956 
Sulfuric acid, 66°, tanks, ton....... $19.85 $20.00 $20.00 $22.35 | $22.35 | $22.35 | $22.35 
17.00 19.85 20.00 19.61 |* 22:35 |) S286) 225.86 
Caustic soda, 76% solid, c.l., ewt... 3.35 3.35 8:35 3.70 3.85 3.85 4.30 
3.05 3.35 3.35 3.35 3.70 3.85 4.10 
Benzene, 90%, tanks, gal.......... 0.37 0.37 0.38 34 0.40 0.42 0 36 0.36 
0.22 0.30 0.30 0.30 0.40 0.36 0.36 
Giyeerol, USP, Gln lb. 9s aie 0.58 0.541% 0.4414 0.44 0.33 0.29 0.31% 
0.241% 0.5414 0.34 0.33 0.29 0.29 0.27 % 
Ethanol, synthetic, tanks, gal...... 0.32 0.40 0.40 0.40 0.40 0.40 0.47 
0.26 0.40 0.40 0.40 0.40 0.40 0.42 
Acetic acid, glacial, tanks, cewt..... 9.00 9.00 9.00 9.00 10.00 10.00 10.50 
7 50 9.00 9.00 9.00 9.00 10.00 10.00 





es ee a a ee a Ee 


TABLE 17. 


anhyd. 
bbl. 
bot. 
case 


eby. 
c.f. 


e.l. 
clr. 
enstr. 
centr. 
coml. 
cone. 
CP 
cryst. 
cts. 
cu. ft. 
cwt. 


cyl. 
dely. 
denat. 
dist. 
DL 
dlr. 
dvd. 
fears 


fert. 

fib. 

f.o.b. 
form. 
fort. 

pete 

frt. alld. 
frt. eqld. 


gal. 
gen. 
gran. 
imp. 
incl. 
indust. 
kgs. 
kilo 
lie]. 
liq. 
elle 
long ton 
med. 


* 
ABBREVIATIONS AND TERMS USED IN REPORTING PRICE OF CHEMICALS 


anhydrous 

barrel 

bottle 

fiber or wooden box with 
specified number of bags, 
canisters, cans, or bottles 

carboys 

cost, insurance, and freight, 
as in quotations of foreign 
seller 

carlots or carloads 

color 

canister 

container 

commercial grade 

concentrated 

chemically pure 

crystals 

cents 

cubic feet 

hundredweight or hundred- 
weights, usually 100 Ibs. 

steel cylinder 

delivery 

denatured 

distilled 

dextro laevo 

dealer or dealers 

delivered 

free alongside ship, as in 
quotations for export 

fertilizer grade 

fiber 

free on board 

formulator 

fortified 

freight 

freight cost allowed by seller 

freight cost equalized to 
meet competition 

gallon 

general 

granular 

imported 

included 

industrial grade 

kegs 

kilogram or 1000 grams 

less than carloads 

liquid 

less than truckloads 

2240 pounds 

medium 


* Chemical and Engineering News. 
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met. 
metric ton 


mg. 
min. 


-nat. 


NF 


NNR 
non-ret. 
OZ. 
pharm. 
pkg. 
powd. 
pulv. 
purif. 
quant. 
rect. 
ref. 
same basis 


short ton 
soln. 

spl. 

S.S. 

std. 
synth. 
tanks 
tech. 


alk: 
ton 


transp. 
USP 


vise. 
whse. 


wks. 


zone 


+—- + 


metallurgical grade 

1000 kilograms or 2204.6 
pounds 

milligram 

minimum 

natural 

National Formulary con- 
formance 

new and nonofficial remedies 

nonreturnable 

ounce 

pharmaceutical grade 

package 

powder 

pulverized 

purified 

quantity 

rectified 

refined 

delivery or package specifi- 
cations same as_ those 
in preceding quotation 

2000 pounds 

solution, or in solution 

special 

stainless steel 

standard 

synthetic 

tank cars or tank trucks 

technical grade, usually the 
grade for industrial use as 
distinguished from a chem- 
ical reagent or product of 
higher purity 

truckload 

short ton unless otherwise 
defined 

transportation 

U.S. Pharmacopeia conform- 
ance 

viscosity 

warehouse or nearest ware- 
house point of the seller 

at the works, corresponding 
to f.o.b, plant 

specified sales area; price 
differences between zones 
for a given chemical vary 
with freight and other 
costs 

nominal 

freight allowed 

freight equalized 
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Taste 18. Opreratinc Lasor, Power, SreaM, AND WATER REQUIREMENTS FOR 
VARIOUS PROCESSES 18 123, 124 


Consumption of 


Opersiiog (ea ee a 
Pp oes Electrical 
rocess man-hours 
energy as | Steam as | Water as 
per ton of 
prouant kwhr per | lb per lb | gal per Ib 
Ib of of product | of product 
product 
Acetic acid from carbide............ 29 0.21 3.1 43 
Alumina from bauxite.............. shed 0.090 7.0 3.2 
PAT UIIMMITA INNA See eae ater ee sieves Si ee 16 9.0 
A Tamintin BUUBUG; 55 hacen nnn + ccs od = 1.5 0.015 3.4 0.5 
Clon Carbide. Winiiecins Sie see 3.0 ib 16 
LITOE Ee HOP MIANG . fe. aas ese s CS Apne © 2.1 0.050 0.4 
Ethanol from molasses.............- 3.1 0.017 ea 8.0 
Ethylene glycol, chlorohydrin........ 9.0 0.080 12 40 
KJeeune, DBtalyticy «5. FN se ves sca 0.2 0.001 0.1 1.2 
Prasoline, Natural. sci os ee in <.606 51445 2b? eee 3.6 
Pomme, ONY INGE a kas hice viv bce0 ¢ 0.5 0.001 0.5 6.0 
Hydrochloric acid from salt......... 5.2 0.043 1.5 
Hydrochloric acid, synthetic......... 3.2 0.002 Late 0.4 
PLT Se ee Bapielnies 46 wees 24 0.17 40 100 
Magnesium, electrolytic............. 27 8.0 
Nitric acid from ammonia........... a0 0.19 0.3 7.3 
Oxygen, liquid, small scale.......... 48 0.93 sis 21 
Oxygen, 95%, large scale............ 0.2 0.22 2.2 13 
Phenol by sulfonation.............. 8.5 0.12 2.0 
Phosphoric acid, blast furnace....... 3.0 0.002 + 37 
Phosphoric acid, Dorr process. ...... ie 0.052 0.8 7.3 
Phosphoric acid, electric furnace. ... . 0.8 1.9 
Soda ash, ammonium-soda process. . . 3.5 0.048 2.0 8.0 
Sodium hydroxide and chlorine, salt 
BIMELPOLVMING 2S chor Te pe ee 9.5 0.75 
Sodium hydroxide, lime-soda process. . 0.9 0.044 1.4 se 
pip TINGLAN Sosdiy es aa ce bees ai 6 vs 13 4.9 Fs | 37 
Sulfur dioxide, liquid..............- 10 0.002 3.3 9.0 
Sulfuric acid, contact..............- 0.6 0.015 0.1 2.2 


I 
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i’ 2,5,10 
TapLe 19. TyprcaL LABoR REQUIREMENTS FOR Process EQUIPMENT 


Type of equipment Men per unit 
Dryer; TOtary. oo. sive ee eee Seg aa Ror % 
Dreger, DEA Ye iiss ek os ent ee grea 1 
Dryer trays gc ea ee ee ee oz) 
Centrifugal separators sy). dees ose sees Yyj-l4 
Crystallizer, mechaniceals:2 5 ¢2eco0c2< sects %G 
Piltary Vaeuuini, +. uae ek see a eee y-\Y 
Byaporators.n%.b0 ee ee eee ee YY 
Reactor batehicescn see toe ee ena 1 
Reastor, continuous, since crane ates ete ee) 
Steam:plant-(100,000 16 br). cir eects 3 


TasBLeE 20. Rares ror Various INDUSTRIAL UTILITIES 


Utility Cost (1957) 

Steam: 

BD TIT oi esc eee EC hie TRC Ee $0.50-$1.00/1000 Ib 

POG DAE 5 Sue gata hh are neti stee g tert Gare eee 0.25—-0.70/ 1000 Ib 

BERIBb SS ade hese Cis DA ere ia eee: 0.15—0.30/1000 Ib 
Electricity: 

PIGGHABCE «cite tad a citer, Fake eee nas oe 0.008—0.02/kwhr 

Bell-rencrated 2 cathe soen ora bate atv bes 0.004—0.01/kwhr 
Cooling water: 

WV Cle oS oly ion een ee 0.02—0.10/1000 gal 

BAVeL Ol Slips Hist cdrarike mite hele athe eee 0.01—0.05/1000 gal 

PUSIVER eas (0 Gr he ton Skye ai a ene eas OO eee coal 0.01—0.06/1000 gal 
Process water: 

CEM plone Srcoctcnted cis aint aiden teen aataetege Ae Rites 0.07—0.25/1000 gal 

Filtered and softened. .........4:.s.esessse 0.10—0.35/1000 gal 

SB Tia Co Be aie en, Meee eRe ae AE A eet Pe 8 0.60—1.00/ 1000 gal 
Compressed air: 

Procens Sto tae Se, Pe acd: Loree cee ee 0.015—0.05/1000 cu ft (at SC) * 

Filtered and dried for instruments.......... 0.04—-0.10/1000 cu ft (at SC) * 
INARI Pas <2 .2 18,0: t Seeman ae tad Mea ae oe 0.20—0.80/1000 cu ft (at SC) * 
Manutactured pasi tee ouccs kaa 0.40—1.30/1000 cu ft (at SC) * 
ALOR OL at ie. pte eaten se cee: ee ae 0.04—0.12/gal 
SOE ery Sued yong. oe te ek ice ae ae Ae Oe 6.00—12.00/ton 
Refrigeration (ammonia), to 34°F............. 0.50/ton-day (288,000 Btu removed) 


* For these cases, standard conditions are designated as a pressure of 29.92 in. Hg and 
a temperature of 60°F. 


9: 


10. 
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TABLE 21. EstimatTion or Costs ror MAINTENANCE AND ReEparrs 25 





Maintenance cost as percentage 
of fixed-capital investment 


Type of operation (on yearly basis) 





Wages | Materials | Total 





Simple chemical processes............ 1-3 1-3 2-6 
Average processes with some corrosion 

DPOOLOIS Meenas rae ree 5 ot 2-4 3-5 5-9 
Complicated processes, severe use such 

as high pressure or high temperature 3-5 4—6 7-11 
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PROBLEMS 


1. An installed heat exchanger with 500 sq ft of heating area cost $3000 in 1948. 
Estimate the installed cost in 1954 for a similar heat exchanger with 1200 sq ft of heat- 
ing area. 

2. The purchased cost of a 1400-gal steel tank is $1800. The tank is cylindrical with 
flat top and bottom, and the diameter is 6 ft. If the entire outer surface of the tank is 
to be covered with 2 in. of cork lagging, estimate the total cost for the installed and 
insulated tank. 

3. A one-story warehouse 120 by 60 ft is to be added to an existing plant. An as- 
phalt-pavement service area 60 by 30 ft will be added adjacent to the warehouse. It 
will also be necessary to put in 500 lin ft of railroad siding to service the warehouse. 
Utility service lines are already available at the warehouse site. The proposed ware- 
house has a concrete floor and steel frame, walls, and roof. No heat is necessary, but. 
lighting and sprinklers must be installed. Estimate the total cost of the proposed addi- 
tion. 

4. The purchased cost of equipment for a solid-processing plant is $500,000. The 
plant is to be constructed as an addition to an existing plant. Estimate the total capi- 
tal investment and the fixed-capital investment for the plant. What percentage of 
the fixed-capital investment is due to cost for land and contractor’s fee? 

5. Estimate the fixed-capital investment required for a formaldehyde plant which 
has a capacity of 100,000 lb of 37 per cent formaldehyde per day. The methanol-oxida- 
tion process is used and the plant may be considered to be operating full time. 

6. The total capital investment for a chemical plant is $1 million, and the working 
capital is $100,000. If the plant can produce an average of 8000 lb of final product 
per day during a 365-day year, what selling price in dollars per pound of product would 
be necessary to give a turnover ratio of 1.0? 

7. The purchased cost for a stainless-steel reactor was $25,000 in 1950. Estimate 
the purchased cost for an equivalent reactor at the present time by using labor and 
material indexes and considering stainless steel as a special material of construction. 
Compare this result with that obtained by assuming the installation factor as constant 
and using the Marshall and Stevens index. 

8. The purchased-equipment cost for a plant which produces pentaerythritol (solid- 
fluid-processing plant) is $300,000. The plant is to be an addition to an existing form- 
aldehyde plant. The major part of the building cost will be for indoor construction, 
and the contractor’s fee will be 10 per cent of the direct plant cost. All other costs are 
close to the average values found for typical chemical plants. On the basis of this in- 
formation, estimate the following: 

(a) The total physical cost. 

(b) The direct plant cost. 

(c) The fixed-capital investment. 

(d) The total capital investment. 
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9. A cost estimate is being prepared for a new plant, and one portion of the project 
requires estimation of the costs for the installations necessary to supply steam, cooling- 
tower water, and electricity. The process requires 14,000 Ib per hour of 100-psig steam, 
40,000 gph of cooling-tower water, and 500 kva of electricity. Estimate the installed 
cost for these utilities. 

10. Estimate the total operating cost per day for labor, power, steam, and water in 
a plant producing 100 tons of nitric acid per day from ammonia. Use average costs 
for utilities. Consider all water as city water. The steam pressure may be assumed 
to be 100 psig. Labor rates average $2.00 per man-hour. Electricity must be pur- 
chased. 

11. The total capital investment for a conventional chemical plant is $1,500,000, 
and the plant produces 3 million lb of product annually. The selling price of the prod- 
uct is $0.41 per pound. Working capital amounts to 15 per cent of the total capital 
investment. The investment is from the company funds, and no interest is charged. 
Raw-materials costs for the product are $0.045 per pound, labor $0.04 per pound, utili- 
ties $0.025 per pound, and packaging $0.004 per pound. Distribution costs are 5 per 
cent of the total product cost. Estimate the following: 

(a) Factory manufacturing cost per pound of product. 

(b) Total product cost per year. 

(c) Profit per pound of product before taxes. 

(d) Annual per cent return on total investment before taxes. 

12. Estimate the factory manufacturing cost per 100 lb of product under the following 
conditions: 


Fixed-capital investment = $2 million 
Annual production output = 10 million lb of product 
Raw-materials costs = $0.12/lb of product 
Utilities 
100 psig steam = 50 Ib/Ib of product 
Purchased electrical power = 0.4 kwhr/Ib of product 
Filtered and softened water = 10 gal/Ib of product 
Operating labor = 20 men per shift at $2.00 per man-hour 
Plant operates three hundred 24-hr days per year 
Corrosive liquids are involved 
Shipments are in bulk carload lots 
A large amount of direct supervision is required 
There are no patent, royalty, interest, or rent charges 
Plant-overhead costs amount to 50 per cent of the cost for operating labor, supervision, 
and maintenance 


CHAPTER 8 


COST AND ASSET ACCOUNTING 


The design engineer, by analyses of costs and profits, attempts to pre- 
dict whether capital should be invested in a particular project. After the 
investment is made, records must be maintained to check on the actual 
financial results. These records are kept and interpreted by accountants. 
The design engineer, of course, hopes his predictions will agree with the 
facts reported by the accountant. There is little chance for agreement, 
however, if both parties do not consider the same cost factors, and com- 
parison of the results is simplified if the same terminology is used by the 
engineer and the accountant. 

The purpose of accounting is to record and analyze any financial transac- 
tions that have an influence on the utility of capital. Accounts of expenses, 
income, assets, liabilities, and similar items are maintained. These records 
can be of considerable value to the engineer, since they indicate where 
errors were made in past estimates and give information that can be used 
in future evaluations. Thus, the reason why the design engineer should 
be acquainted with accounting procedures is obvious. Although it is not 
necessary to know all the details involved in accounting, a knowledge of 
the basic principles as applied in economic evaluations is an invaluable aid 
to the engineer. 

This chapter presents a survey of the accounting procedures usually en- 
countered in industrial operations. Its purpose is to give an understanding 
of the terminology, basic methods, and manner of recording and presenting 
information as employed by industrial accountants. 


OUTLINE OF ACCOUNTING PROCEDURE 


The diagram in Fig. 8-1 shows the standard accounting procedure, start- 
ing with the recording of the original business transactions and proceeding 
to the final preparation of summarizing balance sheets and income state- 
ments. As the day-by-day business transactions occur, they are recorded 
in the journal. A single journal may be used for all entries in small busi- 
nesses, but large concerns ordinarily use several types of journals, such as 
cash, sales, purchase, and general journals. 
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BUSINESS TRANSACTIONS 


Entered in journal 


JOURNAL 
Cash Sales Purchase General 
journal journal journal journal 


LW 
| 


Posted to ledger 























LEDGER 





By trial balances and work sheets 


FINANCIAL STATEMENTS 


BALANCE INCOME 
SHEET STATEMENTS 





Fig. 8-1. Diagram of accounting procedure. 


The next step is to assemble the journal entries under appropriate ac- 
count headings in the ledger. The process of transferring the daily journal 


entries to the ledger is called posting. 


Statements showing the financial condition of the business concern are 
prepared periodically from the ledger accounts. These statements are pre- 
sented in the form of balance sheets and income statements. The balance 
sheet shows the financial condition of the business at a particular time, 
while the income statement is a record of the financial gain or loss of the 


organization over a given period of time. 
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THE BASIC RELATIONSHIPS IN ACCOUNTING 


In the broadest sense, an asset may be defined as anything of value, such 
as cash, land, equipment, raw materials, finished products, or any type of 
property. At any given instant, a business concern has a certain monetary 
value because of its assets. At the same instant, many different persons 
may have a just claim, or equity, to ownership of the concern’s assets. 
Certainly, any creditors would have a just claim to partial ownership, and 
the owners of the business should have some claim to ownership. Under 
these conditions, a fundamental relationship in accounting can be written as 


Assets = equities (1) 


Equities can be divided into two general classes as follows: (1) Proprietor- 
ship—the claims of the concern or person who owns the asset; and (2) lia- 
bilities—the claims of anyone other than the owner. The term proprietor- 
ship is often referred to as net worth or simply as ownership or capital. 
Thus, Eq. (1) can be written as * 


Assets = liabilities + proprietorship (2) 


The meaning of this basic equation can be illustrated by the following 
simple example. Five boys have gone together and purchased a second- 
hand automobile worth $1000. Because they did not have the necessary 
$1000 they borrowed $400 from one of the boys’ fathers. Therefore, as far 
as the five boys are concerned, the value of their asset is $1000, their pro- 
prietorship is $600, and their liability is $400. 

Equation (2) is the basis for balancing assets against equities at any 
given instant. A similar equation can be presented for balancing costs and 
profits over any given time period. The total income must be equal to the 
sum of all costs and profits, or 


Total income = costs + profits (3) 


Any engineering accounting study can ultimately be reduced to one of the 
forms represented by Eq. (2) or (3). 


THE BALANCE SHEET 


A balance sheet for an industrial concern is based on Kq. (1) or (2) and 
shows the financial condition at any given date. The amount of detail in- 
cluded varies depending on the purpose. Consolidated balance sheets based 
on the last day of the fiscal year are included in the annual report of a 
corporation. These reports are intended for distribution to stockholders, 

; 


* Equation (2) is sometimes expressed simply as “Assets = liabilities,” where “lia- 


bilities” is synonymous with “equities.” 
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and the balance sheets present the pertinent information without listing 
each individual asset and equity in detail. 

Assets are commonly divided into the classifications of current, fixed, 
and miscellaneous. Current assets, in principle, represent capital which can 
readily be converted into cash. Examples would be accounts receivable, 
inventories, cash, and marketable securities. These are liquid assets. On 
the other hand, fixed assets, such as land, buildings, and equipment, cannot 
be converted into immediate cash. Deferred charges, other investments, 
notes and accounts due after 1 year, and similar items are ordinarily listed 
as miscellaneous assets under separate headings. 

Modern balance sheets often use the general term liabilities in place 
of equities. Current liabilities are grouped together and include all lia- 
bilities which are due within 12 months of the balance-sheet date. They 
include accounts payable, debts, and tax accruals. The net working capital 
of a company can be obtained directly from the balance sheet as the dif- 
ference between current assets and current liabilities. Other liabilities, 
such as long-term debts, deferred credits, and reserves are listed under 
separate headings. Proprietorship, stockholders’ equity, or capital stock 
and surplus complete the record on the equity (or lability) side of the 
balance sheet. 

Consolidated balance sheets are ordinarily presented with assets listed 
on the left and liabilities, including proprietorship, listed on the right. As 
indicated in Eq. (1), the total value of the assets must equal the total value 
of the equities. A typical balance sheet of this type is presented in Fig. 8-2. 

The value of property items, such as land, buildings, and equipment, is 
usually reported as the value of the asset at the time of purchase. Depre- 
ciation reserves are also indicated, and the difference between the original 
property cost and the depreciation reserve represents the book value of the 
property. Thus, in depreciation accounting, separate records showing ac- 
cumulation in the depreciation reserve must be maintained. In the cus- 
tomary account, reserve for depreciation is not actually a separate fund 
but is merely a bookkeeping method for recording the decline in property 
value. 

The ratio of total current assets to total current liabilities is called the 
current ratio. The ratio of immediately available cash (i.e., cash plus U.S. 
Government and other marketable securities) to total current liabilities is 
known as the cash ratio. The current and cash ratios are valuable for deter- 
mining the ability to meet financial obligations, and these ratios are 
examined carefully by banks or other loan concerns before credit is ex- 
tended. From the data presented in Fig. 8-2, the current ratio for the 
company on December 31, 1954, was $261,634,701/$110,945,.354 = 2.36, 
and the cash ratio was $87 ,994 028 /$110,945,354 = 0.793. 
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PHILLIPS PETROLEUM COMPANY 
CONSOLIDATED BALANCE SHEET AT DECEMBER 31, 1954 


eee 


Assets Liabilities and stockholders’ equity 





Current assets: Current liabilities: 

87 ,994 ,028 | Accounts payable 55,555,471 

Notes and accounts receivable Debts—due within 1 year 16,121,227 
(less reserve) 74,712,929 | Accrued taxes 30,484,757 

Inventories: Other accruals 8,783,899 

Crude oil, petroleum products, Ss 

and merchandise......... 77,878,176 Total current liabilities $ 110,945,354 

Materials and supplies 21,049,568 | Long-term debts $ 265,317,007 
—_—____—_— | Deferred credits: 

Total current assets $ 261,634,701 12,625,355 
Fixed assets: 1,362,065 
Properties, plants, and equip- —<—$—<_$<<_<__—__ 

ment—at cost: Total deferred credits $ 13,987,420 
Oil and gas 767,659,105 | Reserves: 
Manufacturing O22; L185162"| Insurances. «.%s¢ oes nae $ 2,000,000 
Transportation 121,264,835 | Contingencies 7,316,789 
Marketing 80,134,741 —————— 
Other 47 , 225 ,024 Total reserves 9,316,789 
————————— | Stockholders’ equity: 
$1, 338,401,867 | Common stock—14,653,120 

Less—reserve for depreciation, shares issued and out- 

depletion, and amortiza- standing $ 296,044,861 
539,041,637 | Excess of net assets of a subsidi- 

——— ary over cost 1,431,827 
Total fixed assets (net) $ 799,360,230 | Earnings employed in the busi- 

Notes and accounts receivable— 395,701,757 
due after 1 year (less $$$ —$____— 
reserve) 7,795 ,392 Total stockholders’ equity.. $ 693,178,445 

Investments (at cost—less ——_——_—_—_——_—_——— 
reserve) 14,446,710 

Prepaid and deferred charges... $ 9,507 , 982 

——_———_ } TOTAL LIABILITY AND STOCKHOLD- 
TOTAL ASSETS $1,092 ,745,015 BRS NQUITY....-:-..+..- $1,092,745,015 





Fig. 8-2. A consolidated balance sheet. 


THE INCOME STATEMENT 


A balance sheet applies only at one specific time, and any additional 
transactions cause it to become obsolete. Most of the changes that occur 
in the balance sheet are due to revenue received from the sale of goods or 
services and costs incurred in the production and sale of the goods or serv- 
ices. Income-sheet accounts of all income and expense items, such as sales, 
purchases, depreciation, wages, salaries, taxes, and insurance, are main- 
tained, and these accounts are summarized periodically in income. state- 


ments. 
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A consolidated income statement is based on a given time period. It 
indicates surplus capital and shows the relationship among total income, 
costs, and profits over the time interval. The transactions presented in 
income-sheet accounts and income statements, therefore, are of particular 
interest to the engineer, since they represent the facts which he has at- 
tempted to predict through cost and profit analyses. 

When the accountant refers to gross income or gross revenue, he means 
the total amount of capital received as a result of the sale of goods or 


MONSANTO CHEMICAL COMPANY AND CONSOLIDATED SUBSIDIARIES 
CONSOLIDATED INCOME STATEMENT FOR THE YEAR 
ENDING DECEMBER 31, 1954 


Income: 

IN Gt: BalGS ams ve daa See cov aes ea in SOG Wes me ae $341 , 822 , 557 
Dividends from subsidiary and associated companies............. 798 , 483 
COGS oP ini glnic 3° wader A heccn Oa eee nian Te icra ae ae Rone ee 2,534, 202 


Total (or gross) income $345 , 155,242 

Deductions: 
Cost of goods sold $2438 , 057 ,056 
Selling and administrative expenses 42,167,634 
Research expenses 10,651 , 217 
Provision for employees’ bonus 649 ,319 
Interest expe 3,323,372 
Net income applicable to minority interests..................... 143 , 440 
2,608 ,694 


$302 , 600 , 732 


Income before provision for income taxes $ 42,554,510 
Less provision for income taxes 18,854 ,000 


$ 23,700,510 
90 , 436 , 909 


Total surplus $114,137,419 
Surplus deductions: 


Preferred dividends ($3.85 per share) 721 , 875 
Common dividends ($2.50 per share) 13, 148,300 


Total surplus deductions $ 13,870,175 
$100 , 267 , 244 





Fig. 8-3. <A consolidated income statement. 
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services. Net income or net revenue is the total profit remaining after de- 
ducting all costs, including taxes. 

Figure 8-3 is a typical example of a consolidated income statement based 
on a time period of 1 year. As indicated by Eq. (3), the total income 
($345, 155,242) equals total cost ($302,600,732 + $18,854,000) plus net in- 
come or profit ($23,700,510). 

The role of interest on borrowed capital is clearly indicated in Fig. 8-3. 
Since the accountant considers interest as an expense arising from the par- 
ticular method of financing, the cost due to interest is listed as a separate 
expense. 


MAINTAINING ACCOUNTING RECORDS 


Balance sheets and income statements are summarizing records showing 
the important relationships among assets, liabilities, income, and costs at 
one particular time or over a period of time. Some method must be used 
for recording the day-to-day events. This is accomplished by the use of 
journals and ledgers. 

A journal is a book, group of vouchers, or some other convenient substi- 
tute in which the original record of a transaction is listed, while a ledger is 
a group of accounts giving condensed and classified information from the 
journal. 

Debits and Credits. When recording business transactions, a debit 
entry represents an addition to an account, while a credit entry represents 
a deduction from an account. In more precise terms, a debit entry is one 
which increases the assets or decreases the equities, and a credit entry is 
one which decreases the assets or increases the equities. 

Since bookkeeping accounts must always show a balance between assets 
and equities, any single transaction must affect both assets and equities. 
Each debit entry, therefore, requires an equal and offsetting credit entry. 
For example, if a company purchased a piece of equipment by a cash pay- 
ment, the assets of the company would be increased by the value of the 
equipment. This represents an addition to the account, and would, there- 
fore, be listed as a debit. However, the company had to pay out cash to 
obtain the equipment. This payment must be recorded as a credit entry, 
since it represents a deduction from the account. At least one debit entry 
and one credit entry must be made for each business transaction in order 
to maintain the correct balance between assets and equities. This is known 
as double-entry bookkeeping. 

The Journal. A typical example of a journal page is shown in Fig. 8-4. 
The date is indicated in the first two columns. An analysis of the account 
affected by the particular transaction is listed in the third column, with 
debits listed first and credits listed below and offset to the right. A brief 
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description of the item is included if necessary. The amounts of the in- 
dividual debit and credit entries are indicated in the last two columns, 
with debits always shown on the left. When the journal entry is posted 
in the ledger, the number of the ledger account or the page number is 


JOURNAL 





Page 1 











Analysis Credit 


Salaries $ 758/00 
Cash 
Payment of salaries for week ending 
April 3 
Rent 300/00 
Cash 
Building rental for month of April 
Cash 1041|00 
Sales 
Product A to X Company as per in- 
voice No. 6839 
Equipment 1800/00 
Notes payable 1800/00 
Equipment for plant—6%, 90-day 
note to Y Company 
Purchases 
Z Company 
Tools on open account—Terms—30 
days 


Scanner eee OO | OO 
Fig. 8-4. A typical journal page. 




















entered in the fourth column of the journal page. This column is usually 
designated by “F”’ for “Folio.” 

The Ledger. Separate ledger accounts may be kept for various items, 
such as cash, equipment, accounts receivable, inventory, accounts payable, 
and manufacturing expense. A typical ledger sheet is shown in F ig. 8-5. 
The ledger sheets serve as a secondary record of business transactions and 
are used as the intermediates between journal records and balance sheets, 
income statements, and general cost records. 
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LEDGER 
SN ES ee ee ee ee eee 
Cash 112 
Date : : D 
19 Analysis F Debit 1 : He Analysis F Credit 

April | 1] Balance J-1 || $ 945)00 ||| April | 3} Salaries J-1 || $ 758/00 
forward 4| Rent J-1 300/00 
5| Sales J-1 1041/00 10} Purchases J=2 175\00 
10} Sales J-2 8600 12 | Insurance J-2 455/00 
11| R Company | J-2 700/00 13| Taxes J-2 875,00 
11] Sales J-2 550/00 17 | Salaries J-3 821/00 
12] Sales J-2 94/00 21 | Purchases J-3 98500 
18|S Company | J-3 1200/00 29 Office J-3 158/00 

22 | Sales J-3 175\00 supplies 
28 | Sales J-3 548/00 30 | Purchases J-3 154/00 

29 | Sales J-3 630/00 
30 | Sales J-3 74/00 Balance 1362/00 
Total $6043)/00 Total $6043 00 
Balance ~ $1362/00 
forward 


























Fic. 8-5. Typical ledger sheet that has been closed and balanced. 


COST ACCOUNTING METHODS 


In the simplest form, cost accounting is the determination and analysis 
of the cost of producing a product or rendering a service. This is exactly 
what the design engineer does when he estimates costs for a particular 
plant or process, and cost estimation is one type of cost accounting. 

Accountants in industrial plants maintain records on actual expenditures 
for labor, materials, power, etc., and the maintenance and interpretation 
of these records is known as actual or post-mortem cost accounting. From 
these data, it is possible to make accurate predictions of the future cost of 
the particular plant or process. These predictions are very valuable for 
determining future capital requirements and income, and they represent 
an important type of cost accounting known as standard cost accounting. 
Deviations of standard costs from actual costs are designated as variances. 

There are many different types of systems used for reporting costs, but 
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all the systems employ some method for classifying the various expenses. 
One common type of classification corresponds to that presented in Chap. 2 
(Costs in Chemical Processes) and Chap. 7 (Cost Estimation). The total 
cost is divided into the basic groups of factory manufacturing costs and 
general expenses. These are further subdivided, with administrative, dis- 
tribution, selling, financing, and research and development costs included 
under general expenses. Factory manufacturing costs include direct pro- 
duction costs, fixed charges, and plant overhead. 

Each of the subdivided groups can be further classified as indicated in 
Chaps. 2 and 7. For example, direct production costs can be broken down 
into costs for raw materials, labor, supervision, maintenance, overhead, 
supplies, power, utilities, and packaging. 

Each concern has its own method for dividing up the costs on its ac- 
counts. In any case, all costs are entered in the appropriate journal ac- 
count, posted in the ledger, and ultimately reported in a final cost sheet 
or cost statement. 

Accumulation, Inventory, and Cost-of-sales Accounts. In general, basic 
cost-accounting methods require posting of all costs in so-called accumula- 
tion accounts. There may be a series of such accounts to handle the various 
costs for each product. At the end of a given time period, such as 1 month, 
the accumulated costs are transferred to inventory accounts, which give a 
summary of all expenditures during the particular time interval. The 


MANUFACTURING COST WORKS INVENTORY 


Refining of crude product D For month of January, 19__ 





Cost el t Unit 
emen nits on hand Units Total 


used units 
per unit | used or 


Start of | End of 
pains produced|produced 


month | month 





Crude product D...| Gallons 13,000 | 11,000 | 1.5000 | 150,000 | $0.2787 | $41,800 | $0.4180 


Operating wages. ..| Man-hours 0.0150 1,500 1.2500 1,975 | 0.0198 
Operating supplies 890 0.0089 
Maintenance wages | Man-hours 0.0250 2,500 | 2.0000 5,000 | 0.0500 
Maintenance ma- 


terials 10,500 | 0.1050 


Utilities. bette eee 8,000 } 0.0800 
Depreciation. .....| $ investment 5.0000 | 500,000 0.0100 5,000 0.0500 


Overhead 3,800 0.0380 


Total cost and 


production. ...] Gallons 100,000 | $0.7697 | $76,965 | $0.7697 





Fia. 8-6. Example of one type of inventory account. 
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‘amounts of all materials produced or consumed are also shown in the in- 
ventory accounts. The information in the inventory account is combined 
with data on the amount of product sales and transferred to the cost-of-sales 
account. The cost-of-sales accounts give the information necessary for 
determining the profit or loss for each product sold during the given time 
interval. One type of inventory account is shown in Fig. 8-6, and a sample 
cost-of-sales account is presented in Fig. 8-7. 


COST-OF-SALES ACCOUNT 





Product E For month of June, 19__ 














This Last Year 
month month to date 


Sales, Ib 475,000 590,000 | 3,220,000 


$/unit $/unit $/unit 
BNR TWICE ties acces. yb aes $0. 200 $0. 200 $0. 200 
Cost of sales: 
Manufacturing cost 0.120 0.100 0.105 
Freight and delivery. ... 0.007 0.008 0.007 
Selling expense 0.018 0.020 0.016 
Administrative expense. . 0.025 0.020 0.022 
Research expense 0.010 0.008 0.008 





Total cost of sales... . $0.180 $0.156 $0.158 
Profits before taxes... $0 .020 $0.044 $0 .042 





Fia. 8-7. Example of cost-of-sales account. 


When several products or by-products are produced by the same plant, 
allocation of the cost to each product must be made on some predetermined 
basis. Although the allocation of raw-material and direct labor costs can 
be determined directly, the exact distribution of overhead costs may be- 
come quite complex, and the final method depends on the policies of the 
particular concern involved. . 

Materials Costs. The variation in costs due to price fluctuations can 
cause considerable difficulty in making the transfer from accumulation 
accounts to inventory and cost-of-sales accounts. For example, suppose 
an accumulation account showed the following: 
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ACCUMULATION ACCOUNT 


Irem: Chemical A for use in producing product X 





Date : _| Balance | Delivered for 
13. scat ha a on hand | use in process 
May 2..... 5,000 Ib | $0.0360/Ib | 5,000 Ib 
May 15....| 10,000 Ib | 0.0390/Ib | 15,000 Ib 
May 17.... 9,000 Ib 6,000 Ib 


In transferring the cost of chemical A to the inventory and cost-of-sales 
accounts, there is a question as to what price applies for chemical A. 
There are three basic methods for handling problems of this type. 

1. The current-average method. The average price of all the inventory on 
hand at the time of delivery or use is employed. In the preceding exam- 
ple, the current-average price for chemical A would be $0.0380 per pound. 

2. The first-in first-out (or fifo) method. This method assumes the oldest 
material is always used first. The price for the 6000 lb of chemical A would 
be $0.0360 per pound for the first 5000 Ib and $0.0390 for the remaining 
1000 Ib. 

3. The last-in first-out (or lifo) method. With this method, the most re- 
cent prices are always used. The price for the 6000 Ib of chemical A 
would be transferred as $0.0390 per pound. 

Any of these methods can be used. The current-average method pre- 
sents the best picture of the true cost during the given time interval, but 
it may be misleading if used for predicting future costs. 

The information presented in this chapter shows the general principles 
and fundamentals of accounting which are of direct interest to the engineer. 
However, the many aspects of accounting make it impossible to present a 
complete coverage of all details and systems in one chapter or even in one 
book.* The exact methods used in different businesses may vary widely 
* J. R. Bangs, Jr., and G. R. Hanselman, “Accounting for Engineers,” International 
Textbook Company, Scranton, Pa., 1941. 


J. G. Blocker and W. K. Weltmer, “Cost Accounting,”’ 3d ed., McGraw-Hill Book 
Company, Inc., New York, 1954. 

H. A. Finney and H. E. Miller, ‘Principles of Accounting,” 4th ed., Prentice-Hall, 
Inc., Englewood Cliffs, N.J., 1951. 

C. M. Gillespie, “Accounting Systems—Procedures and Methods,” Prentice-Hall, 
Inc., Englewood Cliffs, N.J., 1951. 

J. H. Perry, “Chemical Business Handbook,” McGraw-Hill Book Company, Ine., 
New York, 1954. 

C. Reitel and C. E. Johnston, “Cost Accounting Principles and Methods,” 2 


d ed., 
International Textbook Company, Scranton, Pa., 1937. 
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depending on the purpose and the policies of the organization, but the 
basic principles are the same in all cases. 


PROBLEMS 


1. Prepare a balance sheet applicable at the date when the X Corporation had the 


following assets and equities: 


SRO Sieg aise an ones oe ee $20,000 
Accounts payable: 
PP OMOAN Yee ccs seca sss 2,000 
CPCOROPAGION 6 5< ormy ev ced vbta 8,000 
Accounts receivable............ 6,000 
ITHVATILORIOR a rstcce, dics x «5 essere ores 15,000 
Mortgage payable............. 5,000 


Common stock sold............ $50,000 
Machinery and equipment (at 

Prevent VAG) oe ews tonc es sere 18,000 
Furniture and fixtures (at pres- 

CN VALIG)Y SD toa Aa cuore sae ee 5,000 
Government bonds............. 3,000 
Urey see tan ce ew aiarae 2,000 


2. During the month of October, the following information was obtained in an anti- 


freeze retailing concern: 


Antifreeze available for sale during October (at cost)... 
Antifreeze inventory on Oct. 31 (at cost)............. 
ther CXDEDBCS Ss ari sies sass 
Earned surplus before income taxes as of Sept. 30..... 


Prepare an income statement for the month of October giving as much detail as 


possible. 


3. The following information applies to E Company on a given date: 


Long-term debts.............: 
Debts due within 1 year....... 
Accounts payable............. 
Machinery and equipment (at cost)................. 
AGI ATe VAT rake sas win ale eae 
Prpeiid PONos 2 vac. csale ns 209 
Government bonds..........-. 
Social security taxes payable... 
Reserve for depreciation. ...... 
Reserve for expansion......... 
Ugat, Ua hy were ce ote he Pare eae caey aCe 
Accounts receivable. .......... 


Determine the current ratio, cash ratio, and working capital for Company E at the 


given date. 


4. On Aug. 1, a concern had 10,000 Ib of raw material on hand which was purchased 
at a cost of $0,030 per pound. In order to build up the reserve, 8000 Ib of additional 
raw material was purchased on Aug. 15 at a cost of $0.028 per pound, and 2 days later 
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6000 Ib was purchased from another supplier at $0.031 per pound. If none of the raw 
material was used until after the last purchase, determine the total cost of 12,000 lb 
of the raw material on an inventory or cost-of-sales account for the month of August 
by (a) the current-average method, (b) the ‘fifo’? method, and (c) the “lifo’”’ method. 
5. Prepare a complete list, with sample form sheets, of all cost-accounting records 
which should be maintained in a large plant producing ammonia, nitric acid, and am- 


monium nitrate. Explain how these records are used in recording, summarizing, and 


interpreting costs and profits. 


CHAPTER 9 


OPTIMUM DESIGN 


An optimum design is based on the best or most favorable conditions. 
In almost every case, these optimum conditions can ultimately be reduced 
to a consideration of costs or profits. Thus, an optimum economic design 


fo2) 
(e) 
oO 


Cost per year, dollars 


BS 
oO 
(eo) 


200 





O { 2 3 - 5 6 
Insulation thickness, inches 


Fic. 9-1. Illustration of the basic principle of an optimum design. 


could be based on conditions giving the least cost per unit of time or the 
maximum profit per unit of production. When one design variable is 
changed, it is often found that some costs increase and others decrease. 
Under these conditions, the total cost may go through a minimum at one 
value of the particular design variable, and this value would be considered 
as an optimum. 

An example illustrating the principles of an optimum economic design 
is presented in Fig. 9-1. In this simple case, the problem is to determine 
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the optimum thickness of insulation for a given steam-pipe installation. 
As the insulation thickness is increased, the annual fixed costs increase, 
the cost of heat loss decreases, and all other costs remain constant. There- 
fore, as shown in Fig. 9-1, the sum of the costs must go through a minimum 
at the optimum insulation thickness. _ 

Although cost considerations and economic balances are the basis of 
most optimum designs, there are times when factors other than cost can 
determine the most favorable conditions. For example, in the operation 
of a catalytic reactor, an optimum operation temperature may exist for 
each reactor size because of equilibrium and reaction-rate limitations. 
This particular temperature could be based on the maximum percentage 
conversion or on the maximum amount of final product per unit of time. 
Ultimately, however, cost variables need to be considered, and the de- 
velopment of an opiimum operation design is usually merely one step in 
the determination of an optimum economic design. 


INCREMENTAL COSTS 


The subject of incremental costs is covered in detail in Chap. 6 (Alterna- 
tive Investments and Replacements). Consideration of incremental costs 
shows that a final recommended design does not need to correspond to the 
optimum economic design, because the incremental return on the added 
investment may become unacceptable before the optimum point is reached.* 
However, the optimum values can be used as a basis for starting the incre- 
mental-cost analyses. 

This chapter deals with methods for determining optimum conditions, 
and it is assumed that the reader understands the role of incremental costs 
in establishing a final recommended design. 


GENERAL PROCEDURE FOR DETERMINING OPTIMUM CONDITIONS 


The first step in the development of an optimum design is to determine 
what factor is to be optimized. Typical factors would be total cost per 
unit of production or per unit of time, profit, amount of final product per 
unit of time, and per cent conversion. Once the basis is determined, it is 
necessary to develop relationships showing how the different variables in- 
volved affect the chosen factor. Finally, these relationships are combined 
graphically or analytically to give the desired optimum conditions. 


*See Fig. 6-2 and the related discussion in Chap. 6. The material presented in 
Chap. 9 considers optimum designs based on maximum or minimum values of a speci- 
fied variable. The same type of approach could be used if the term optimum (referring 
to an investment) were defined on the basis of a stipulated incremental return. 
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Procedure with One Variable 


There are many cases in which the factor being optimized is a function 
of a single variable. The procedure then becomes very simple. Consider 
the example presented in Fig. 9-1, where it is necessary to obtain the 
insulation thickness which gives the least total cost. The primary variable 
involved is the thickness of the insulation, and relationships can be de- 
veloped showing how this variable affects all costs. 

Cost data for the purchase and installation of the insulation are availa- 
ble, and the length of service life can be estimated. Therefore, a relation- 
ship giving the effect of insulation thickness on fixed charges can be de- 
veloped. Similarly, a relationship showing the cost of heat lost as a func- 
tion of insulation thickness can be obtained from data on the value of 
steam, properties of the insulation, and heat-transfer considerations. All 
other costs, such as maintenance and plant expenses, can be assumed to be 
independent of the insulation thickness. 

The two cost relationships obtained might be expressed in a simplified 
form similar to the following: 


Fixed charges = ¢(x) = ax + b (1) 
; c 

Cost of heat loss = ¢'(r1) =-+d (2) 
A 


o(x) + g'(x) = $"(z) 


Total variable cost = Cp 


pepe (3) 
x 


where a, b, c, and d are constants and x is the common variable (insulation 
thickness). 

The graphical method for determining the optimum insulation thickness 
is shown in Fig. 9-1. The optimum thickness of insulation is found at the 
minimum point on the curve obtained by plotting total variable cost versus 
insulation thickness. 

The slope of the total-variable-cost curve is zero at the point of optimum 
insulation thickness. Therefore, if Eq. (3) applies, the optimum value can 
be found analytically by merely setting the derivative of Cr with respect 
to x equal to zero and solving for «x. 


——=7——=0 (4) 


y= (‘) (5) 
a : 
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If the factor being optimized (Cr) does not attain a usable maximum or 
minimum value, the solution for the dependent variable will indicate this 
condition by giving an impossible result, such as infinity, zero, or the 
square root of a negative number. 

The value of « shown in Eq. (5) occurs at an optimum point or a point 
of inflection. The second derivative of Eq. (8), evaluated at the given 
point, indicates if the value occurs at a minimum (second derivative greater 
than zero), maximum (second derivative less than zero), or point of inflec- 
tion (second derivative equal to zero). An alternative method for deter- 
mining the type of point involved is to calculate values of the factor being 
optimized at points slightly greater and slightly smaller than the optimum 
value of the dependent variable. 

The second derivative of Eq. (3) is 


aCr 2c 
Fer Mh 


If x represents a variable such as insulation thickness, its value must be 
positive; therefore, if c is positive, the second derivative at the optimum 


point must be greater than zero, and (c/a)? represents the value of x at 
the point where the total variable cost is a minimum. 


Procedure with Two or More Variables 


When two or more independent variables affect the factor being opti- 
mized, the procedure for determining the optimum conditions may become 
rather tedious; however, the general approach is the same as when only 
one variable is involved. 

Consider the case in which the total cost for a given operation is a func- 
tion of the two independent variables x and y, or 


Cr = $"(xy) (7) 


By analyzing all the costs involved and reducing the resulting relationships 
to a simple form, the following function might be found for Kq. (7): 


b 
Cr = ax + ay +cy+d (8) 


where a, b, c, and d are positive constants. 

Graphical Procedure. The relationship among Cr, x, and y could be 
shown as a curved surface in a three-dimensional plot, with a minimum 
value of Cp occurring at the optimum values of x and y. However, the 
use of a three-dimensional plot is not practical for most engineering deter- 
minations. 
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The optimum values of x and y in Eq. (8) can be found graphically on 
a two-dimensional plot by using the method indicated in Fig. 9-2. In this 
figure, the factor being optimized is plotted against one of the independent 
variables (x), with the second variable (y) held at a constant value. A 
series of such plots is made with each dashed curve representing a different 
constant value of the second variable. As shown in Fig. 9-2, each of the 
curves (A, B, C, D, and E) gives one value of the first variable x at the 
point where the total cost is a minimum. The curve NM represents the 
locus of all these minimum points, and the optimum value of « and y 
occurs at the minimum point on curve VM. 


iv Each point represents 
Final plot for determining an optimum value of 


optimum values with three 
independent variables 























{34 Optimum value 
of Cr, x, y andz 
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420 
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Fic. 9-2. Graphical determination of optimum conditions with two or more inde- 
= ro . 
pendent variables. 


Similar graphical procedures can be used when there are more than two 
independent variables. For example, if a third variable Z ae included 
in Eq. (8), the first step would be to make a plot similar to Fig. 9-2 at one 
constant value of z. Similar plots would then be made at other constant 
values of z. Each plot would give an optimum value of z, y, and Cr for a 
particular z. Finally, as shown in the insert in Fig. 9-2, the over-ail opti- 
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mum value of x, y, 2, and Cr could be obtained by plotting z versus the 


individual optimum values of Cr. . 

Analytical Procedure. In Fig. 9-2, the optimum value of « is found at the 

aC 7? 
point where (—) is equal to zero. Similarly, the same results would 
US yay! 
be obtained if y were used as the abscissa instead of x. If this were done, the 
; OC ry 
optimum value of y (i.e., y') would be found at the point where (—*) 
Yy z=" 

is equal to zero. This immediately indicates an analytical procedure for 
determining optimum values. 

Using Eq. (8) as a basis, 


aC ry b 

—=4a-— (9) 
Ox xy 

ac b 

Oy ry 


At the optimum conditions, both of these partial derivatives must be equal 
to zero; thus, Eqs. (9) and (10) can be set equal to zero and the optimum 
values of a = (cb/a”)’* and y = (ab/c?)’* can be obtained by solving the 
two simultaneous equations. If more than two independent variables were 
involved, the same procedure would be followed, with the number of simul- 
taneous equations being equal to the number of independent variables. 


Exaniple 1. Determination of Optimum Values with Two Independent Variables. 
The following equation shows the effect of the variables x and y on the total cost for a 
particular operation: 


11,900 
Cr = 2.3382 + ——— + 1.86y + 10 
ry 
Determine the values of x and y which will give the least total cost 


Solution 


Analytical method: 














aC 11,900 
a 93 ee 
Ox xy 
OCr ey 11,900 
ayo ; ry” 
At the optimum point, 
11,900 
2954 et ed fh 
ay 
11,900 
1.86 — =0 





ry” 
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‘Solving simultaneously for the optimum values of z and Y, 


to 
y = 20 
Cr = 121.6 


A check should be made to make certain the preceding values represent conditions of 
minimum cost. 
PCr of (2)(11,900) _ (2)(11,900) 
ax? xy (16)3(20) 








= + at optimum point 


PCr a (2)(11,900) _ (2)(11,900) 


= ——__~ = + at opti ; 
oy? ry? (16)(20)3 + at optimum point 


Since the second derivatives are positive, the optimum conditions must occur at a point 
of minimum cost. 


Graphical method: 
The following constant values of y are chosen arbitrarily: 


y” = 32 y'* = 26 y* = 20 y” = 15 y” = 12 
At each constant value of y, a plot is made of Cr versus x. These plots are presented 


in Fig. 9-2 as curves A, B, C, D, and FE. A summary of the results is presented in the 
following table: 








5 Optimum | Optimum 
x Cr 
y* = 32 12.7 128.3 
yitt = 26 14.1 123.6 
y’ = 20 16.0 121.6 
yi? = 15 18.5 123.9 
y° =12 20.7 128.5 





One curve (NM in Fig. 9-2) through the various optimum points shows that the over- 
all optimum occurs at 


z= 16 
y = 20 
Cr = 121.6 


Nove: In this case, a value of y was chosen which corresponded to the optimum 
value. Usually, it is necessary to interpolate or make further calculations in order to 
determine the final optimum conditions. 
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COMPARISON OF GRAPHICAL AND ANALYTICAL METHODS 


In the determination of optimum conditions, the same final results are 
obtained with either graphical or analytical methods. Sometimes it is 
impossible to set up one analytical function for differentiation, and the 
graphical method must be used. If the development and simplification of 
the total analytical function requires complicated mathematics, it may be 
simpler to resort to the direct graphical solution; however, each individual 
problem should be analyzed on the basis of the existing circumstances. 
For example, if numerous repeated trials are necessary, the extra time re- 
quired to develop an analytical solution may be well spent. 

The graphical method has one distinct advantage over the analytical 
method. The shape of the curve indicates the importance of operating at 
or very close to the optimum conditions. If the maximum or minimum 
occurs at a point where the curve is flat with only a gradual change in 
slope, there will be a considerable spread in the choice of final conditions, 
and incremental cost analyses may be necessary. On the other hand, if 
the maximum or minimum is sharp, it may be essential to operate at the 
exact optimum conditions. 


OPTIMUM PRODUCTION RATES IN PLANT OPERATION 


The same principles used for developing an optimum design can be ap- 
plied when determining the most favorable conditions in the operation of 
a manufacturing plant. One of the most important variables in any plant 
operation is the amount of product produced per unit of time. The pro- 
duction rate depends on many factors, such as the number of hours in 
operation per day, per week, or per month; the load placed on the equip- 
ment; and the sales market available. From an analysis of the costs 
involved under different situations and consideration of other factors affect- 
ing the particular plant, it is possible to determine an optimum rate of 
production or a so-called economic lot size. 

When a design engineer submits a complete plant design, he ordinarily 
has based his work on a given production capacity for the plant. After 
the plant is put into operation, however, some of the original design factors 
will have changed, and the optimum rate of production may vary con- 
siderably from the “designed capacity.’ For example, suppose a plant 
had been designed originally for the batchwise production of an organic 
chemical on the basis of one batch every 8 hr. After the plant has been 
put into operation, cost data on the actual process are obtained, and tests 
with various operating procedures are conducted. It is found that more 
total production per month can be obtained if the time per batch is re- 
duced. However, when the shorter batch time is used, more labor is re- 
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quired, the per cent conversion of raw materials is reduced, and steam and 
power costs increase. Here is an obvious case in which an economic balance 
can be used to find the optimum production rate. Although the design 
engineer may have based his original recommendations on a similar type 
of economic balance, price and market conditions do not remain constant, 
and the operations engineer now has actual results on which he can base 
his economic balance. The following analysis indicates the general method 
for determining economic production rates or lot sizes. 

The total product cost per unit of time may be divided into the two 
classifications of operating costs and organization costs. Operating costs de- 
pend on the rate of production and include expenses for direct labor, raw 
materials, power, heat, supplies, and similar items which are a function of 
the amount of material produced. Organization costs are due to expenses 
for directive personnel, physical equipment, and other services or facilities 
which must be maintained irrespective of the amount of material produced. 
Organization costs are independent of the rate of production. 

It is convenient to consider operating costs on the basis of one unit of 
production. When this is done, the operating costs can be divided into 
two types of expenses as follows: (1) Minimum expenses for raw materials, 
labor, power, etc., that remain constant and must be paid for each unit of 
production as long as any amount of material is produced; and (2) extra 
expenses due to increasing the rate of production. These extra expenses 
are known as superproduction costs. They become particularly important 
at high rates of production. Examples of superproduction costs are extra 
expenses caused by overload on power facilities, additional labor require- 
ments, or decreased efficiency of conversion. Superproduction costs can 
often be represented as follows: 


Superproduction costs per unit of production = mP” (11) 


where P = rate of production as total units of production per unit of time 
m = a constant 
nm = a constant 
Designating h as the operating costs which remain constant per unit of 
production and O, as the organization costs per unit of time, the total 
product cost cr per unit of production 1s 


0. 
cp = h+mP" + Pp (12) 


The following equations for various types of costs or profits are based 
on Eq. (12): 


c 


O 
Cr = crP = (1 + mP" + =) r (13) 
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n Oc 
r=s—crp =s—h—mP oy (14) 
. 0; : 
R=rP= (s —h—mpP”" — =) Ie (15) 


where Cy = total product cost per unit of time 
r = profit per unit of production 
R = profit per unit of time 
s = selling price per unit of production 


Optimum Production Rate for Minimum Cost per Unit of Production 


It is often necessary to know the rate of production which will give the 
least cost on the basis of one unit of material produced. This information 
shows the selling price at which the company would be forced to cease 
operation or else operate at a loss. At this particular optimum rate, a plot 
of the total product cost per unit of production versus the production rate 
shows a minimum product cost; therefore, the optimum production rate 
must occur where der/dP = O. An analytical solution for this case may 
be obtained from Kq. (12), and the optimum rate P, giving the minimum 
cost per unit of production is found as follows: 





der oot] OF > 
fe = 0=nmP, Se (16) 
O,\1/@+)) 
fide = (—) (17) 
nm 


The optimum rate shown in Eq. (17) would, of course, give the maxi- 
mum profit per unit of production if the selling price remains constant. 


Optimum Production Rate for Maximum Total Profit per Unit of Time 


In most business concerns, the amount of money earned over a given 
time period is much more important than the amount of money earned for 
each unit of product sold. Therefore, it is necessary to recognize that the 
production rate for maximum profit per unit of time may differ considera- 
bly from the production rate for minimum cost per unit of production. 

Equation (15) presents the basic relationship between costs and profits. 
A plot of profit per unit of time versus production rate goes through a 
maximum. Equation (15), therefore, can be used to find an analytical 
value of the optimum production rate. When the selling price remains 
constant, the optimum rate giving the maximum profit per unit of time is 


Sioa h le 
are (rn + 1)m oe 
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‘Example 2. Determination of Profits at Optimum Production Rates. A plant pro- 
duces refrigerators at the rate of P units per day. The variable costs per refrigerator 
have been found to be $47.73 + 0.1P!2. The total daily fixed charges are $1750, and 
all other expenses are constant at $7325 per day. If the selling price per refrigerator is 
$173, determine the daily profit: 

(a) At a production schedule giving the minimum cost per refrigerator. 

(6) At a production schedule giving the maximum daily profit. 


Solution 


(a) Total cost per refrigerator = cp = 47.73 + 0.1P12 4 (1750 + 7325)/P. 
At production schedule for minimum cost per refrigerator, 
der 9075 


— = 0 = 0.12P,92 
IP OR O12 P2 





P. = 165 units per day for minimum cost per unit 


Daily profit at production schedule for minimum cost per refrigerator 


9075 
= | 173 — 47.73 — 0.1(165)!-? — Tee | 1 
[ Mo 165 6 


= $4040 
(6) Daily profit is 





i= (173 — 47.73 —0.1P!* — 1750 ; cy 


At production schedule for maximum profit per day, 


dR 
— = 0 = 125.27 — 0.22P,}? 
dP 


P. = 198 units per day for maximum daily profit 


Daily profit at production schedule for maximum daily profit 


mre — 0.1(198)'* — | 19 
(173 7.73 — 0.1(198) Tog | 198 


= $4400 


OPTIMUM CONDITIONS IN CYCLIC OPERATIONS 


Many processes are carried out by the use of cyclic operations which in- 
volve periodic shutdowns for discharging, cleanout, or reactivation. This 
type of operation occurs when the product is produced by a batch process 
or when the rate of production decreases with time, as in the operation of 
a plate-and-frame filtration unit. In a true batch operation, no product is 
obtained until the unit is shut down for discharging. In semicontinuous 
cyclic operations, product is delivered continuously while the unit is in 
operation, but the rate of delivery decreases with time. Thus, in batch or 
semicontinuous cyclic operations, the variable of total time required per 
cycle must be considered when determining optimum conditions. 


146 PLANT DESIGN AND ECONOMICS FOR CHEMICAL ENGINEERS 


Analyses of cyclic operations can be carried out conveniently by using 
the time for one cycle as a basis. When this is done, relationships similar 
to the following can be developed to express over-all factors, such as total 
annual cost or annual rate of production: 


Total annual cost = operating and shutdown costs/cycle 
x cycles/year + annual fixed costs (19) 


Annual production = (production/cycle) (cycles/year) (20) 


operating + shutdown time used/year 


Cycles/year = (21) 


operating + shutdown time/cycle 


The following example illustrates the general method for determining opti- 
mum conditions in a batch operation. 


Example 3. Determination of Conditions for Minimum Total Cost in a Batch Oper- 
ation. An organic chemical is being produced by a batch operation in which no product 
is obtained until the batch is finished. Each cycle consists of the operating time neces- 
sary to complete the reaction plus a total time of 1.4 hr for discharging and charging. 
The operating time per cycle is equal to 1.5P,°:> hr, where P; is the pounds of product 
produced per batch. The operating costs during the operating period are $20 per hour, 
and the costs during the discharge-charge period are $15 per hour. The annual fixed 
costs for the equipment vary with the size of the batch as follows: 


Cr = 340P,°° dollars per batch 


Inventory and storage charges may be neglected. If necessary, the plant can be oper- 
ated 24 hr per day for 300 days per year. The annual production is 1 million Ib of 
product. At this capacity, raw-material and miscellaneous costs, other than those 
already mentioned, amount to $260,000 per year. Determine the cycle time for con- 
ditions of minimum total cost per year. 


Solution 


annual production —_ 1,000,000 

production/eycle rs 

Cycle time = operating + shutdown time = 1.5P,%-25 + 1.4 hr 

Operating + shutdown costs/cycle = (20)(1.5P,9) + (15)(1.4) dollars 

Annual fixed costs = 340P,°8 + 260,000 dollars 

Total annual costs = (30P,°-> + 21)(1,000,000/P;) + 340P,°> + 260,000 dollars 


Cycles/year = 





The total annual cost is a minimum where d(total annual cost) /dP, = 0. 
Performing the differentiation, setting the result equal to zero, and solving for P; give 


Fs entimain cost = 1630 lb per bateh 


This same result could have been obtained by plotting total annual cost versus rr 
and determining the value of Py at the point of minimum annual cost. 
For conditions of minimum annual cost and 1 million Ib/year production, 


Cycle time = (1.5)(1630)°5 + 1.4 = 11 hr 
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1,000,000 


= 6750 h 
1630 6750 hr 


Total time used per year = (11) ( 


Total time available per year = (300)(24) = 7200 hr 


Thus, for conditions of minimum annual cost and a production of 1 million Ib per 
year, not all the available operating and shutdown time would be used. 


Semicontinuous Cyclic Operations 


Semicontinuous cyclic operations are often encountered in the chemical 
industry, and the design engineer should understand the methods for deter- 
mining optimum cycle times in this type of operation. Although product 
is delivered continuously, the rate of delivery decreases with time owing to 
sealing, collection of side product, reduction in conversion efficiency, or 
similar causes. It becomes necessary, therefore, to shut down the opera- 
tion periodically in order to restore the original conditions for high produc- 
tion rates. The optimum cycle time can be determined for conditions such 
as maximum amount of production per unit of time or minimum cost per 
unit of production. 

Scale Formation in Evaporation. During the time an evaporator is in 
operation, solids often deposit on the heat-transfer surfaces, forming a scale. 
The continuous formation of the scale causes a gradual increase in the re- 
sistance to the flow of heat and, consequently, a reduction in the rate of 
heat transfer and rate of evaporation if the same temperature-difference 
driving forces are maintained. Under these conditions, the evaporation 
unit must be shut down and cleaned after an optimum operation time, 
and the cycle is then repeated. 

Seale formation occurs to some extent in all types of evaporators, but it 
is of particular importance when the feed mixture contains a dissolved ma- 
terial that has an inverted solubility. The expression inverted solubility 
means the solubility decreases as the temperature of the solution is in- 
creased. For a material of this type, the solubility is least near the heat- 
transfer surface where the temperature is the greatest. Thus, any solid 
crystallizing out of the solution does so near the heat-transfer surface and 
is quite likely to form a scale on this surface. The most common scale- 
forming substances are calcium sulfate, calcium hydroxide, sodium car- 
bonate, sodium sulfate, and calcium salts of certain organic acids. 

When true scale formation occurs, the over-all heat-transfer coefficient 
may be related to the time the evaporator has been in operation by the 
straight-line equation * 


1 


*W. McCabe and C. Robinson, Ind. Eng. Chem., 16:478 (1924). 
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where a and d are constants for any given operation and U is the over-all 
heat-transfer coefficient at any operating time 6, since the beginning of the 
operation. 

If it is not convenient to determine the heat-transfer coefficients and the 
related constants as shown in Eq. (22), any quantity that is proportional 
to the heat-transfer coefficient may be used. Thus, if all conditions except 
scale formation are constant, feed rate, production rate, and evaporation 
rate can each be represented in a form similar to Eq. (22). Any of these 
equations can be used as a basis for finding the optimum conditions. The 
general method is illustrated by the following treatment, which employs 
Kq. (22) as a basis. 

If Q represents the total amount of heat transferred in the operating 
time 6,, and A and At represent, respectively, the heat-transfer area and 
temperature-difference driving force, the rate of heat transfer at any in- 
stant is 

dQ =A A At 


dO, : (a6, + d)” er 
The instantaneous rate of heat transfer varies during the time of operation, 
but the heat-transfer area and the temperature-difference driving force re- 
main essentially constant. Therefore, the total amount of heat transferred 
during an operating time of 6, can be determined by integrating Eq. (23) 
as follows: 


“4 


Q ‘- 1 es 
iq = Af '(———) a 24 
J 0 \aip +d)” “e 


2A 
es 


a 





At 4 “4 
[(ad, + d)? — d** (25) 


y, 


Cycle Time for Maximum Amount of Heat Transfer. Equation (25) can 
be used as a basis for finding the cycle time which will permit the maximum 
amount of heat transfer during a given period. Each cycle consists of an 
operating (or boiling) time of @, hr. If the time per cycle for emptying, 
cleaning, and recharging is 6,, the total time in hours per cycle is i, = 6, 
+ 6. Therefore, designating the total time used for actual operation, 
emptying, cleaning, and refilling as H, the number of cycles during H hr 
= H/(0s + 8,). : 

The total amount of heat transferred during H hr = Qy = (Q per cycle) 
X (cycles per H hr). Therefore, ; 


2A At 2, : H 
Qu = [(ad, + d)* — d”4] 
fe Op a3 6. 








(26) 
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Under ordinary conditions, the only variable in Eq. (26) is the operating 
time 6,. A plot of the total amount of heat transferred versus 6, shows a 
maximum at the optimum value of 6,. Figure 9-3 presents a plot of this 
type. The optimum cycle time can also be obtained by setting the de- 
rivative of Eq. (26) with respect to 6, equal to zero and solving for 6). The 
result is 


20 fF 
9b, per cycle for maximum = PI Se adé, (27) 
a 


amount of heat transfer 


240 








255 
g 
2 230 
o 
a 
Ni 
= 225 
x 
Pea) 
ah Based on Eq. (26) 
< 220 A = 500 sq ft 
S AV emo) Oded a 
a = 089x10~8 
= 25x10 © 
215 id 8 hr 
Optimum operating = 720 fr 
time 
210 


10 20 30 40 50 60 70 80 
Operating time, &, hours 


Fic. 9-3. Determination of optimum operating time for maximum amount of heat 
transfer in evaporator with scale formation. 


The optimum boiling time given by Eq. (27) shows the operating sched- 
ule necessary to permit the maximum amount of heat transfer. All the 
time available for operation, emptying, cleaning, and refilling should be 
used. For constant operating conditions, this same schedule would also 
give the maximum amount of feed consumed, product obtained, and liquid 
evaporated. 

A third method for determining the optimum cycle time is known as the 
tangential method for finding optimum conditions, and it is applicable to 
many types of cyclic operations. This method is illustrated for conditions 
of constant cleaning time (6,) in Fig. 9-4, where a plot of amount of heat 
transferred versus boiling time is presen 2d. Curve OB is based on Eq. 
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(25). The average amount of heat transferred per unit of time during one 
complete cycle is Q/(8, + 6-). When the total amount of heat transferred 
during a number of repeated cycles is a maximum, the average amount of 
heat transferred per unit of time must also be a maximum. The optimum 
cycle time, therefore, occurs when Q/(4, + 6,) is a maximum. 


25 





20 






Qx107" Btu x 107” in time Dp 
ro) a 


-{10 O 10 20 30 40 50 60 70 80 
8, hr Operating time, 4, hours per cycle 


Fic. 9-4. Tangential method for finding optimum operating time for maximum amount 
of heat transfer in evaporator with scale formation. 


The straight line CD’ in Fig. 9-4 starts at a distance equivalent to 6, on 
the left of the plot origin. The slope of this straight line is Q/(@, + 6.), 
with the values of Q and 6, determined by the point of intersection be- 
tween line CD’ and curve OB. The maximum value of Q/(6@, + 6.) occurs 
when line CD is tangent to the curve OB, and the point of tangency indi- 
cates the optimum value of the boiling time per cycle for conditions of 
maximum amount of heat transfer. 

Cycle Time for Minimum Cost per Unit of Heat Transfer. There are 
many different circumstances which may affect the minimum cost per unit 
of heat transferred in an evaporation operation. One simple and com- 
monly occurring case will be considered. It may be assumed that an evapo- 
ration unit of fixed capacity is available, and a definite amount of feed 
and evaporation must be handled each day. The total cost for one clean- 
ing and inventory charges are assumed to be constant no matter how much 
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boiling time is used. The problem is to determine the cycle time which 
will permit operation at the least total cost. 

The total cost includes (1) fixed charges on the equipment and fixed 
overhead expenses, (2) steam, materials, and storage costs which are pro- 
portional to the amount of feed and evaporation, (3) expenses for direct 
labor during the actual evaporation operation, and (4) cost of cleaning. 
Since the size of the equipment and the amounts of feed and evaporation 
are fixed, the costs included in (1) and (2) are independent of the cycle 
time. The optimum cycle time, therefore, can be found by minimizing the 
sum of the costs for cleaning and for direct labor during the evaporation. 

If C. represents the cost for one cleaning and S, is the direct labor cost 
per hour during operation, the total variable costs during H hr of operating 
and cleaning time must be 





C or riz Ca S20 28 
T for Hbr = (Ce + Wed ara (28) 
Equations (26) and (28) may be combined to give 
aQa(C. + 826s) 
C7 for Ars a (29) 


2A At{(ad, + d)’® — d”| 


The optimum value of 6, for minimum total cost may be obtained by 
plotting Cr versus 6, or by setting the derivative of Eq. (29) with respect 
to 6, equal to zero and solving for 4). The result is 


Ca 2 / 
9b, per eycle for minimum — =e Age adC Sp (30) 


total cost Sp aSb 


Equation (30) shows that the optimum cycle time is independent of the 
required amount of heat transfer Qy. Therefore, a check must be made 
to make certain the optimum cycle time for minimum cost permits the re- 
quired amount of heat transfer. This can be done easily by using the fol- 
lowing equation, which is based on Eq. (26): 


DAH’ At 5 4 a Ws 
6,= 0, +6, = S62 [(a8p,op2 + 2)" — a” (31) 


aAQH 


where H’ is the total time available for operation, emptying, cleaning, and 
recharging. If 6 is equal to or greater than 8; ont Bc, the optimum 
boiling time indicated by Eq. (30) can be used, and the required production 
can be obtained at conditions of minimum cost. . 

The optimum cycle time determined by the preceding methods may not 
fit into convenient operating schedules. Fortunately, as shown in Figs. 
9-3 and 9-4, the optimum points usually occur where a considerable varia- 
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tion in the cycle time has little effect on the factor that is being optimized. 
It is possible, therefore, to adjust the cycle time to fit a convenient operat- 
ing schedule without causing much change in the final results. 

The approach described in the preceding sections can be applied to many 
different types of semicontinuous cyclic operations. An illustration show- 
ing how the same reasoning is used for determining optimum cycle times 
in filter-press operations is presented in Example 4. 


Example 4. Cycle Time for Maximum Amount of Production from a Plate-and-Frame 
Filter Press. Tests with a plate-and-frame filter press, operated at constant pressure, 
have shown that the relation between the volume of filtrate delivered and the time in 
operation can be represented as follows: 


Pf =.2.25 < 10* (67 + 0.11) 


where P; = cubic fect of filtrate delivered in filtering time 6, hr. 

The cake formed in each cycle must be washed with an amount of water equal ta 
one-sixteenth times the volume of filtrate delivered per cycle. The washing rate remains 
constant and is equal to one-fourth of the filtrate delivery rate at the end of the filtra- 
tion. The time required per cycle for dismantling, dumping, and reassembling is 6 hr. 
Under the conditions where the preceding information applies, determine the total cycle 
time necessary to permit the maximum output of filtrate during each 24 hr. 


Solution 


Let 6; = hours of filtering time per cycle 
Filtrate delivered per cycle = Py cycle = 150(6r + 0.11)” cu ft 
Rate of filtrate delivery at end of cycle is 


: 1P 1 F 
Washing rate X 4 = Bones, ous (6, + 0.11)~” cfh 
do; a 


; : ; volume of wash water 
Time for washing = —_—______ 
washing rate 


_ (4)(2)(150) (7 + 0.11) _ of + 0.11 


~ (16)(150)(@; + 011)—% ~~ os 





Gy + O71 


Total time per cycle = 6; + 5 


+6 = 1.547+6.06 hr 


24 


Cycles per 24 hr = ————____ 
1.50 + 6.06 


Cu ft filtrate delivered /24 hr is 
24 


Py cycle (cycles per 24 hr) = L506; + 0.11) *7— = 
1.50; + 6.06 


At the optimum cycle time giving the maximum output of filtrate per 24 hr 


’ 


d(cu ft filtrate delivered/24 hr) 
RS per Sa = 0 
Of 
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Performing the differentiation and solving for 6,, 
AF opt = 3.8 hr 


Total cycle time necessary to permit the maximum output of filtrate = (1.5)(3.8) + 
6.06 = 11.8 hr. 


FLUID DYNAMICS (OPTIMUM ECONOMIC PIPE DIAMETER) 


The remainder of this chapter is devoted to examples showing how opti- 
mum conditions are determined in typical chemical engineering operations. 
In the following example, dealing with economic pipe diameters, a detailed 
derivation is presented to illustrate how simplified expressions for optimum 
conditions can be developed. 

The investment for piping and pipe fittings can amount to an important 
part of the total investment for a chemical plant. It is necessary, there- 
fore, to choose pipe sizes which give close to a minimum total cost for 
pumping and fixed charges. For any given set of flow conditions, the use 
of an increased pipe diameter will cause an increase in the fixed charges for 
the piping system and a decrease in the pumping or blowing charges. 
Therefore, an optimum economic pipe diameter must exist. The value of 
this optimum diameter can be determined by combining the principles of 
fluid dynamics with cost considerations. The optimum economic pipe 
diameter is found at the point at which the sum of pumping or blowing 
costs and fixed charges based on the cost of the piping system is a minimum. 

Pumping or Blowing Costs. For any given operating conditions involy- 
ing the flow of a noncompressible fluid through a pipe of constant diameter, 
the total mechanical-energy balance can be reduced to the following form: 


WV7LO + J 
ae yy. 
g-D 


where Work’ = mechanical work added to system from an external me- 
chanical source, ft-lb force/lb mass 
; = Fanning friction factor, dimensionless * 

average linear velocity of fluid, fps 

length of pipe, ft 

J = frictional loss due to fittings and bends, expressed as 
equivalent fractional loss in a straight pipe 

ge = conversion factor in Newton’s law of motion, 32.17 ft-lb 
mass/ (sec) (sec) (Ib force) 

D = inside diameter of pipe, ft, subscript 7 means in. 

B = aconstant taking all other factors of the mechanical-energy 
balance into consideration 


Work’ = B (32) 


bX 
ll 


* Based on Fanning equation written as = (friction) = 2fV?2L/g-D. 
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In the region of turbulent flow (Reynolds number greater than 2100), 
; may be approximated for new steel pipes by the following equation: 
0.04 


ay (Ne)! 


(33) 


where Np, is the Reynolds number or DV p/u. 
If the flow is viscous (Reynolds number less than 2100), 


16 
es New (34) 





By combining Eqs. (32) and (33) and applying the necessary conversion 
factors, the following equation can be obtained representing the annual 
pumping cost when the flow is turbulent: 


O2730f pie UL ae J)H 
Chumping = urea ee Mw are S rage (35) 


where Chumping = Pumping cost as dollars per year per foot of pipe length 
when flow is turbulent 
qy = fluid-flow rate, cfs 
p = fluid density, lb/cu ft 
= fluid viscosity, centipoises 
K = cost of electrical energy, $/kwhr 
H, = hours of operation per year 
E = efficiency of motor and pump expressed as a fraction 
B’ = a constant independent of D; 
Similarly, Eqs. (32) and (34) and the necessary conversion factors can be 
combined to give the annual pumping costs when the flow is viscous: 


i 
° 
| 


0.024q/;7u-K(1 + J)H, 

Clee - aT ss) es “i vey (36) 
where ekeunee = pumping cost as dollars per year per foot of pipe length 
when flow is viscous. 

Equations (35) and (36) apply to noncompressible fluids. In engineering 
calculations, these equations are also generally accepted for gases if the 
total pressure drop is less than 10 per cent of the initial pressure. 

Fixed Charges for Piping System. For most types of pipe, a plot of 
the logarithm of the pipe diameter versus the logarithm of the purchase 
cost per foot of pipe is essentially a straight line. Therefore, the purchase 
cost for pipe may be represented by the following equation: 


Coie PE (37) 
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where Cpipe = purchase cost of new pipe per foot of pipe length, $/ft 
X = purchase cost of new pipe per foot of pipe length if pipe 
diameter is 1 in., $/ft 
n = a constant with value dependent on type of pipe 
’ ce annual cost for the installed piping system may be expressed as 
ollows: 


Chipe = (1 D F)XD;"Kp (38) 


where Chipe = cost for installed piping system as dollars per year per foot 

of pipe length * 

ratio of total costs for fittings and installation to purchase 

cost for new pipe 

Kr = annual fixed charges including maintenance, expressed as a 
fraction of initial cost for completely installed pipe 


PF 


Optimum Economic Pipe Diameter. The total annual cost for the 
piping system and pumping can be obtained by adding Eqs. (35) and (38) 
or Eqs. (36) and (38). The only variable in the resulting total-cost expres- 
sions is the pipe diameter. The optimum economic pipe diameter can be 
found by taking the derivative of the total annual cost with respect to pipe 
diameter, setting the result equal to zero, and solving for D;. This pro- 
cedure gives the following results: 

For turbulent flow, 


1 
Paden ie +J)H, 4.84-+n 
Di,opt = ee | (39) 
n(l + F)XEKr 
For viscous flow, 

i 

0.096q;7u-K(1 + J)H,]*°™ 
Dj, opt = ee | (40) 


The value of n for steel pipes is approximately 1.5 if the pipe diameter is 
1 in. or larger and 1.0 if the diameter is less than 1 in. Substituting these 
values in Eqs. (39) and (40) gives: 

For turbulent flow in steel pipes, 


D; 2 1 in.: 


(41) 


eos 0.448 0.132, 0.025 
Dont lthy p He | 


0.88K(1 + eae 
(L- PXEKy 


*Pump cost could be included if desired; however, in this analysis, the cost of the 
pump is considered as essentially invariant with pipe diameter. 
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D; <i in.: 
0.171 
D; = 9 0.487 ,0.144,, 0.027 —— a ad (42) 
Pes ; (1 + F)XEKr 
For viscous flow in steel pipes, 
(i ed Mit he 
Decne = G79:264y,.0-182 eee a5 Lea (43) 
ae (1 + F)XEKy 
Em aei inet 
D..., = q,0-4%y,0-20 a + se (44) 
REGS Pe vs | a RRs 


The exponents involved in Eqs. (41) through (44) indicate that the op- 
timum diameter is relatively insensitive to most of the terms involved. 
Since the exponent on the viscosity term in Eqs. (41) and (42) is very 
small, the value of u,°”° and u,2°?? may be taken as unity over a vis- 
cosity range of 0.02 to 20 centipoises. It is possible to simplify the equa- 
tions further by substituting average numerical values for some of the less 
critical terms. The following values are applicable under ordinary indus- 
trial conditions: 


K = $0.011/kwhr 
J = 0.35 or 35 per cent 
H,, = 8760 hr/year 
K = 0.40 or 40 per cent 
F=14A4 
Kr = 0.14 or 14 per cent 
X = $0.16 per foot for 1-in.-diameter steel pipe 


Substituting these values into Eqs. (41) through (44) gives the following 
simplified results: *f 
For turbulent flow in steel pipes, 


Dee lans 
9 ow 0.45 
0.45 0.1; : a 
Deen = 3.9q/ p set: 0.32 (45) 
po:32 


where w,, = thousands of pounds mass flowing per hour. 


(Pee Bais i: 


Dit 4.7q;9°49 99-14 (46) 


*R. P. Genereaux, Ind. Eng. Chem., 29:385 (1937). 
| B. R. Sarchet and A. P. Colburn, Ind. Eng. Chem., 32:1249 (1940). 
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For viscous flow in steel pipes, 


2, = 1 in.: 

iwe opt = = 3 Og; 0. a6) ae 18 (47) 
D; <r. in, 

Divopt = 3.69/94 4,029 (48) 


Depending on the accuracy desired and the type of flow, Eqs. (39) 
through (48) may be used to determine optimum economic pipe diameters. 
Equations (45) through (48) are sufficiently accurate for design estimates 
under ordinary plant conditions, and a nomograph based on these equa- 
tions is presented in Chap. 14 (Materials Handling and Transfer Equip- 
ment—Design and Costs).* 


HEAT TRANSFER (OPTIMUM FLOW RATE OF COOLING WATER 
IN CONDENSER) 


If a condenser, with water as the cooling medium, is designed to carry 
out a given duty, the cooling water may be circulated at a high rate with 
a small change in water temperature or at a low rate with a large change 
in water temperature. The temperature of the water affects the tempera- 
ture-difference driving force for heat transfer. Use of an increased amount 
of water, therefore, will cause a reduction in the necessary amount of heat- 
transfer area and a resultant decrease in the original investment and fixed 
charges. On the other hand, the cost for the water will increase if more 
water is used. An economic balance between conditions of high water 
rate—low surface area and low water rate—high surface area indicates that 
the optimum flow rate of cooling water occurs at the point of minimum 
total cost for cooling water and equipment fixed charges. 

Consider the general case in which heat must be removed from a con- 
densing vapor at a given rate designated by g Btu/hr. The vapor con- 
denses at a constant temperature of ¢t’/°F, and cooling water is supplied at 
a temperature of t;°F. The following additional notation apples: 


w = flow rate of cooling water, lb/hr 
Cy, = heat capacity of cooling water, Btu/(lb) (°F) 
ty = temperature of cooling water leaving condenser, °F 
U = constant over-all coefficient of heat transfer determined at 
optimum conditions, Btu/(hr)(sq ft) (°F) 
A = area of heat transfer, sq ft 
* Other methods for determining optimum economic pipe diameters are discussed by 


W. H. Stanton, Ind. Eng. Chem., 42:87A (October, 1950); G. F. Downs, JT. ama Gre bt. 
Tait, Oil Gas J., 52(28):210 (1953); and R. M. Braca and J. Happel, Chem. Eng., 60(1): 


180 (1953). 
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Ati m. = log-mean temperature-difference driving force over con- 
denser, °F 
H,, = hours the condenser is operated per year, hr/year 

cooling-water cost assumed as directly proportional to amount 

of water supplied,* $/Ib ~ 

C4 = installed cost of heat exchanger per square foot of heat- 
transfer area, $/sq ft 

Ky = annual fixed charges including maintenance, expressed as a 
fraction of initial cost for completely installed equipment 


Q 
Ss 
I 


The rate of heat transfer as Btu per hour can be expressed as 


(ig — t)) = UA At gel a, (49) 
qd = Wly\lg — Yh) = legs ee ae 
P In [(t’ — t))/(t’ — te)] 
Solving for w, 

q 


Wretipeni) af 


The design conditions set the values of g and ¢,, and the heat capacity 
of water may ordinarily be approximated as 1 Btu/(lb)(°F). Therefore, 
Eq. (50) shows that the flow rate of the cooling water is fixed if the tem- 
perature of the water leaving the condenser (¢2) is fixed. Under these 
conditions, the optimum flow rate of cooling water can be found directly 
from the optimum value of fg. 

The annual cost for cooling water is wH,C,,. From Kq. (50), 


qH jC» 


wi, Cy, = ———_— 
Cp(to ai t1) 


(51) 


The annual fixed charges for the condenser are AKprC4, and the total 
annual cost for cooling water plus fixed charges is 


H 
Total annual variable cost = eee + AKrC, (52) 
Cp(tg — t1) 


Substituting for A from Kq. (49), 


qH,C» qk rC'4 In [(t’ — t1)/(t’ — te)] 
Cp(te — ty) U(t, — ty) 


Total annual variable cost = 


(53) 


: ; a : 
Cooling water is assumed to be available at a pressure sufficient to handle any pres- 


sure drop in the condenser; th : hee 
iC.) er; therefore, any cost due to pumping the water is included 
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The only variable in Eq. (53) is the temperature of the cooling water 
leaving the condenser. The optimum cooling-water rate occurs when the 
total annual cost is a minimum. Thus, the corresponding optimum exit 
temperature can be found by differentiating Eq. (53) with respect to fs 
(or, more simply, with respect to t/ — ta) and setting the result equal to 
zero. When this is done, the following equation is obtained: 


fot bm toe es 
a ee (54) 


ad — lo,opt E a ty Kre,Ca 


The optimum value of tf. can be found from Kq. (54) by a trial-and-error 
solution, and Eq. (50) can then be used to determine the optimum flow 
rate of cooling water. The trial-and-error solution can be eliminated by 


use of Fig. 9-5, which is a plot of Eq. (54).* 


IS 










Zep simwin) 





t’- 
t 


ee it opt 

PTT TTISN TT 

CEP 
ire 


fe) 

OA 02 0304 06 081 Cos 14 2G oh 10 20 
UH, Cy 
Kr CpCa 





Fic. 9-5. Solution of Eq. (54) for use in evaluating optimum flow rate of cooling 
medium in condenser. 


Example 5. Optimum Cooling-water Flow Rate in Condenser. A condenser for a 
distillation unit must be designed to condense 5000 lb of vapor per hour. The effective 
condensation temperature for the vapor is 170°F. The heat of condensation for the 
yapor is 200 Btu/Ib. Cooling water is available at 70°F. The cost of the cooling water 
is 0.02 per 1000 gal. The over r-all heat-transfer coefficient at the optimum conditions 
may be taken as 50 Btu/(hr)(sq ft)(°F). The cost for the installed heat exchanger is 
$7 per square foot of heat-transfer area, and annual fixed charges including maintenance 

are 20 per cent of the initial investment. The heat capacity of the water may be as- 
sumed to be constant at 1.0 Btu/(Ib)(°F). If the condenser is to operate 6000 hr/year, 


* See Fig. 15-18 for a similar plot for counterflow coolers. 
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determine the cooling-water flow rate in pounds per hour for optimum economic con 


ditions. 


Solution 
U = 50 Btu/(hr)(sq ft)(°F) 
H, = 6000 hr/year 
Ky = 0.20 
Cp = 1.0 Btu/(lb)(°F) 
Ca = $7.0/sq ft 


0.02 


w = ———_—— = $0.0000024/Ib 
(1000)(8.33) : f 


UH, Cw 50)(6000)(0.0000024 
Cw _ (60)(6000)( jes 


KrepC a (0.20)(1.0)(7.0) 
The optimum exit temperature may be obtained by a trial-and-error solution of Eq. 
(54) or by use of Fig. 9-5. 
From Fig. 9-5, when the abscissa is 0.515, 


, 
Ot te opt 


: = 0.42 
'—t 
where t’ = 170°F 
t; = 70°F 
to opt = 128°F 
By Eq. (50), at the optimum economic conditions, 
5000) (200 
w= ed ne Se = 17,200 lb water/hr 


MASS TRANSFER (OPTIMUM REFLUX RATIO) 


The design of a distillation unit is ordinarily based on specifications 
giving the degree of separation required for a feed supplied to the unit at 
a known composition, temperature, and flow rate. The design engineer 
must determine the size of column and reflux ratio necessary to meet the 
specifications. As the reflux ratio is increased, the number of theoretical 
stages required for the given separation decreases. An increase in reflux 
ratio, therefore, may result in lower fixed charges for the distillation column 
and greater costs for the reboiler heat supply and condenser coolant. 

As indicated in Fig. 9-6, the optimum reflux ratio occurs at the point 
where the sum of fixed charges and operating costs isa minimum. As a 
rough approximation, the optimum reflux ratio usually falls in the range 
of 1.1 to 1.5 times the minimum reflux ratio. The following example illus- 
trates the general method for determining the optimum reflux ratio in dis- 
tillation operations. ; 
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(/)+(2) — 
Steam and cooling-water 
costs, (/) 


Tota! cost = 









80,000 


60,000 


40,000 


Annual cost, dollars 








20,000 


Optimum reflux ratio -- 


1.0 1.2 1.4 1.6 18 2.0 


Reflux ratio, moles liquid returned to column per 
mole of distillate 


Fic. 9-6. Optimum reflux ratio in distillation operation, 


Example 6. Determination of Optimum Reflux Ratio. A bubble-cap distillation 
column is being designed to handle 700 lb mole of feed per hour. The unit is to operate 
continuously at a total pressure of 1 atm. The feed contains 45 mole % benzene and 
55 mole % toluene, and the feed enters at its boiling temperature. The overhead product 
from the distillation tower must contain 92 mole % benzene, and the bottoms must 
contain 95 mole % toluene. Determine the following: 

(a) The optimum reflux ratio as moles liquid returned to tower per mole of distillate 
product withdrawn. 

(b) The ratio of the optimum reflux ratio to the minimum reflux ratio. 

(c) The per cent of the total variable cost due to steam consumption at the optimum 
conditions. 

The following data apply: 

Vapor-liquid equilibrium data for benzene-toluene mixtures at atmospheric pressure 
are presented in Fig. 9-7. 

The molal heat capacity for liquid mixtures of benzene and toluene in all proportions 
may be assumed to be 40 Btu/(Ib mole)(°F). 

The molal heat of vaporization of benzene and toluene may be taken as 13,700 Btu/Ib 
mole. 

Effects of change in temperature on heat capacity and heats of vaporization are neg- 
ligible. Heat losses from the column are negligible. Effects of pressure drop over the 
column may be neglected. 

The over-all coefficient of heat transfer is 80 Btu/(hr)(sq ft)(°F) in the reboiler and 
100 Btu/(hr)(sq ft)(°F) in the condenser. 

The boiling temperature is 201°F for the feed, 179°F for the distillate, and 227°F for 
the bottoms. The temperature-difference driving force in the reflux condenser may be 
based on an average cooling-water temperature of 90°F, and the change in cooling-water 
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0.4 


Mole fraction benzene in vapor 


Oo 
nm 





(@) 0.2 0.4 0.6 0.8 1.0 
Mole fraction benzene in liquid . 


Fie. 9-7. Equilibrium diagram for benzene-toluene mixtures at total pressure of 
760 mm Hg (McCabe-Thiele method for determining number of theoretical stages). 


temperature is 50°F for all cases. Saturated steam at 60 psia is used in the reboiler. 
At this pressure, the temperature of the condensing steam is 292.7°F and the heat of 
condensation is 915.5 Btu/lb. No heat-saving devices are used. 

The column diameter is to be based on a maximum allowable vapor velocity of 2.5 
fps at the top of the column. The over-all plate efficiency may be assumed to be 
70 per cent. The unit is to operate 8500 hr per year. 

COST DATA: 

Steam = $0.50/1000 lb. 

Cooling water = $0.03/1000 gal or $0.036/10,000 lb. 

The sum of costs for piping, insulation, and instrumentation can be estimated to be 
60 per cent of the cost for the installed equipment. Annual fixed charges amount to 
15 per cent of the total cost for installed equipment, piping, instrumentation, and 
insulation, 

The following costs are for the installed equipment and include delivery and erection 
costs: 


Buss.Le-cap DisTILLATION CoLUMN 
Values may be interpolated 


Diameter, in. $/plate 
60 800 
70 1000 
80 1230 
90 1500 


100 1800 
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CoNDENSER—TUBE-AND-SHELL Heat ExcHANGER 
Values may be interpolated 


Heat-transfer area, 


sq ft $ 

800 6500 
1000 7500 
1200 8400 
1400 9200 
1600 9900 


REBOILER—TUBE-AND-SHELL Heat ExcHANGER 
Values may be interpolated 


Heat-transfer area, 


sq ft $ 
1000 11,500 
1400 14,100 
1800 16,400 
2200 18,500 
‘ 2600 20, 200 


Solution 


The variable costs involved are cost of column, cost of reboiler, cost of condenser, 
cost of steam, and cost of cooling water. Each of these costs is a function of the reflux 
ratio, and the optimum reflux ratio occurs at the point where the sum of the annual 
variable costs is a minimum. The total variable cost will be determined at various 
reflux ratios, and the optimum reflux ratio will be found by the graphical method. 

Sample calculation for reflux ratio = 1.5: 

ANNUAL COST FOR DISTILLATION COLUMN. The McCabe-Thiele simplifying assump- 
tions apply for this case, and the number of theoretical plates can be determined by the 
standard graphical method shown in Fig. 9-7. The slope of the enriching operating 
line is 1.5/(1.5 + 1) = 0.6. From Fig. 9-7, the total number of theoretical stages re- 
quired for the given separation is 12.1. 

The actual number of plates = (12.1 — 1)/0.70 = 16. 

The moles of distillate per hour (Mp) and the moles of bottoms per hour (gz) may 
be determined by a benzene material balance as follows: 


(700)(0.45) = (Mp)(0.92) + (700 — Mp)(0.05) 
Mp = 322 moles distillate/hr 
Mz = 700 — 322 = 378 moles bottoms/hr 


Moles vapor per hour at top of column = 322(1 + 1.5) = 805. 
Applying the perfect-gas law, 


Vapor velocity at top of tower = 2.5 fps 
= (805)(359)(460 + 179)(4) 
~~ (3600) (492)(m)(diameter)? 





Diameter = 7.3 ft 
Cost per plate = $1430 


(1430)(16)(1 + 0.60)(0.15) 
$5490 


Annual cost for distillation column 
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ANNUAL COST FOR CONDENSER. Rate of heat transfer per hour in condenser = (moles 
vapor condensed per hour)(molal latent heat of condensation) = (805)(13,700) = 


11,000,000 Btu/hr. 
From the basic heat-transfer-rate equation gq = UA At, 


(11,000,000) 


= . sf a = ——____—__—_. = 1240 sq ft 
A = heat-transfer area (100)(179 — 90) q 
$8550 
foot = ——— 
Cost per square foo 1240 
8550 
Annual cost for condenser = 1240 (1240)(1 + 0.60)(0.15) 
= $2050 


ANNUAL COST FOR REBOILER. The rate of heat transfer in the reboiler (g-) can be 
determined by a total energy balance around the distillation unit. 
Base energy level on liquid at 179°F. 


Heat input = heat output 
gr + (700)(201 — 179)(40) = 11,000,000 + (378)(227 — 179)(40) 
gr = 11,110,000 Btu/hr = UA At 


11,110,000 
A = heat-transfer area = (80)(292.7 — 227) = 2120 sq ft 
$18,100 


2120 





Cost per square foot = 


18,100 
2120 





Annual cost for reboiler = (2120)(1 + 0.60)(0.15) 


= $4340 


ANNUAL COST FOR COOLING WATER. The rate of heat transfer in the condenser = 
11,000,000 Btu/hr. The heat capacity of water may be taken as 1.0 Btu/(lb)(°F). 


Annual cost for cooling water = CE ee) 
(1.0)(50)(10,000) 


= $6740 


ANNUAL COST FOR STEAM. The rate of heat transfer in the reboiler = 11,110,000 
Btu/hr. 
(11,110,000)(0.50)(8500) 


Annual cost for steam = 
(915.5)(1000) 


= $51,700 
TOTAL ANNUAL VARIABLE COST AT REFLUX RATIO OF 1.5 


$5490 + $2050 + $4340 + $6740 + $51,700 = $70,320 
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' By repeating the preceding calculations for different reflux ratios, the following table 
can be prepared: 














Number | Col- Annual cost, dollars, for 
Reflux Sf nee He 
gts a i diam- . vee 
plates eter, on- Re- | Coolin : pied 

required ft ats denser | boiler ty events) Gallars 
1.14 a 6.7 a 1870 3960 5780 | 44,300 a 
1.2 29 6.8 8930 1910 4040 5940 | 45,500 | 66,320 
1.3 21 7.0 6620 1950 4130 6200 | 47,500 | 66,400 
1.4 18 il 5920 2000 4240 6470 | 49,600 | 68,230 
1.5 16 Ox 5490 2050 4340 6740 | 51,700 | 70,320 
ef 14 oon 5290 2150 4540 7290 | 55,700 | 74,970 
2.0 13 8.0 5210 2280 4800 8100 | 61,800 | 82,190 


(a) The data presented in the preceding table are plotted in Fig. 9-6. The minimum 
total cost per year occurs at a reflux ratio of 1.25. 


Optimum reflux ratio = 1.25 


(b) For conditions of minimum reflux ratio, the slope of the enriching line in Fig. 9-7 


is 0.532 


Minimum reflux ratio 
= 0.532 





Minimum reflux ratio + 1 
Minimum reflux ratio = 1.14 


Optimum reflux ratio — 1.25 11 





Minimum reflux ratio 1.14 — 

(c) At the optimum conditions, 
Annual steam cost = $46,500 
Total annual variable cost = $66,000 


46,500 


100) = 70% 
66,000 ° ) 





Per cent of variable cost due to steam consumption = 


NOMENCLATURE FOR CHAP. 9 


a = constant 
A = heat-transfer area, sq ft 
b = constant 
B = constant 
B’ = constant 
c = constant 
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Cp 
Cpipe 
CT 
C4 
ree 
Cr 


Chine 


Cpumping 


, 


Cpumping 


Cr 
Ca 
d 
1B: 
D; 
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heat capacity, Btu/(lb)(°F) 

purchase cost of new pipe per foot of pipe length, $/ft 

total cost per unit of production, $/unit of production 

installed cost of heat exchanger per square foot of heat-transfer area, $/sq ft 
cost for one cleaning, dollars 

fixed costs, $/year : 

installed cost for piping system expressed as dollars'per year per foot of 
pipe length, $/(year)(ft) 

pumping costs as dollars per year per foot of pipe length when flow is tur- 
bulent, $/(year)(ft) 


= pumping cost as dollars per year per foot of pipe length when flow is vis- 


cous, $/(year)(ft) 

total cost for a given unit of time, dollars 

cost of cooling water, $/lb 

constant 

inside diameter of pipe, ft 

inside diameter of pipe, in. 

efficiency of motor and pump expressed as a fraction 

Fanning friction factor, dimensionless 

ratio of total cost for fittings and installation to purchase cost for new pipe 
conversion factor in Newton’s law of motion, 32.17 ft-lb mass/(sec)(sec) 
(Ib force) 

operating costs which remain constant per unit of production, $/unit of 
production 

total time used for actual operation, emptying, cleaning, and recharging, hr 
total time available for operation, emptying, cleaning, and recharging, hr 
total time of operation per year, hr/year 

frictional loss due to fittings and bends, expressed as equivalent fractional 
loss in a straight pipe 

cost of electrical energy, $/kwhr 

annual fixed charges including maintenance, expressed as a fraction of the 
initial cost for the completely installed equipment 

length of pipe, ft 

constant 

bottoms flow rate, moles/hr 

distillate flow rate, moles/hr 

constant 

Reynolds number = DV p/n, dimensionless 

organization costs per unit of time, $/day 

rate of production, units of production/day 

amount of production per batch, Ib/batch 

filtrate delivered in filtering time 6; hr, cu ft 

optimum rate of production, units of production/day 

rate of heat transfer, Btu/hr 

rate of fluid flow, cfs 

rate of heat transfer in reboiler, Btu/hr 

total amount of heat transferred in a given time, Btu 

total amount of heat transferred in H hr, Btu 

profit per unit of production, $/unit of production 

profit per unit of time, $/day 

selling price per unit of production, $/unit of production 


OPTIMUM DESIGN 167 


Sp = direct labor cost per hour during operation, $/hr 
t = temperature, °F 
t; = temperature of cooling water entering condenser, °F 
tg = temperature of cooling water leaving condenser, °F 
t’ = condensation temperature, °F 
U = over-all coefficient of heat transfer, Btu/(hr)(sq ft)(°F) 
V = average linear velocity, fps 
w = flow rate, lb/hr 
Wm = thousands of pounds mass flowing per hour, 1000 Ib/hr 
x = a variable 
X= oe cost for new pipe per foot of pipe length if pipe diameter is 1 in., 
$/ft 
y = a variable 
z = a variable 


Greek Symbols 


At = delta t, temperature-difference driving force (subscript l.m. designates log 
mean) °F 

6» = theta, time in operation, hr or hr/cycle 

6. = time for emptying, cleaning, and recharging per cycle, hr/cycle 

6; = filtering time, hr or hr/cycle 

6, = total time per complete cycle, hr/cycle 

= mu, absolute viscosity, lb mass/(sec)(ft) 

Mc = absolute viscosity, centipoises 

p = rho, density, lb mass/cu ft 

¢, ¢', ¢", ¢ = phi, function of the indicated variables 


PROBLEMS 


1. A multiple-effect evaporator is to be used for evaporating 400,000 Ib of water per 
day from a salt solution. The total initial cost for the first effect is $18,000, and each 
additional effect costs $15,000. The life period is estimated to be 10 years, and the 
salvage or scrap value at the end of the life period may be assumed to be zero. The 
straight-line depreciation method is used. Fixed charges minus depreciation are 15 
per cent yearly based on the first cost of the equipment. Steam costs $0.50 per 1000 
lb. Annual maintenance charges are 5 per cent of the initial equipment cost. All 
other costs are independent of the number of effects. The unit will operate 300 days 
per year. If the pounds of water evaporated per pound of steam equals 0.85 X num- 
ber of effects, determine the optimum number of effects for minimum annual cost. 

2. Determine the optimum economic thickness of insulation that should be used 
under the following conditions: Saturated steam is being passed continuously through 
a steel pipe with an outside diameter of 10.75 in. The temperature of the steam is 
400°F, and the steam is valued at $0.60 per 1000 lb. The pipe is to be insulated with 
a material that has a thermal conductivity of 0.03 Btu/(hr)(sq ft)(°F/ft). The cost 
of the installed insulation per foot of pipe length is $4.5 & J;, where J; is the thickness 
of the insulation in inches. Annual fixed charges including maintenance amount to 
20 per cent of the initial installed cost. The total length of the pipe is 1000 ft, and the 
average temperature of the surroundings may be taken as 70°F. Heat-transfer resist- 
ances due to the steam film, scale, and pipe wall are negligible. The air-film coefficient 
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at the outside of the insulation may be assumed constant at 2.0 Btu/(hr)(sq ft)(°F) 
for all insulation thicknesses. ; 

3. An absorption tower containing wooden grids is to be used for absorbing SOz in 
a sodium sulfite solution. A mixture of air and SO will enter the tower at a rate of 
70,000 cfm, temperature of 250°F, and pressure of 1.1 atm. The concentration of SO2 
in the entering gas is specified, and a given fraction of the entering SO2 must be removed 
in the absorption tower. The molecular weight of the entering gas mixture may be 
assumed to be 29.1. Under the specified design conditions, the number of transfer 
units necessary varies with the superficial gas velocity as follows: 


Number of transfer units = 0.32G,°°18 


where G, is the entering gas velocity as lb/(hr)(sq ft) based on the cross-sectional area 
of the empty tower. The height of a transfer unit is constant at 15 ft. The cost for 
the installed tower is $1 per cubic foot of inside volume, and annual fixed charges 
amount to 20 per cent of the initial cost. Variable operating charges for the absorbent, 
blower power, and pumping power are represented by the following equation: 


4.8 


81 
Total variable operating costs as $/hr = 1.8G,? * 107% + G. 4 G8 
8 s 


The unit is to operate 8000 hr/year. Determine the height and diameter of the ab- 
sorption tower at conditions of minimum annual cost. 

4. Derive an expression for the optimum economic thickness of insulation to put on 
a flat surface if the annual fixed charges per square foot of insulation are directly pro- 
portional to the thickness, (a) neglecting the air film, (6) including the air film. The 
air-film coefficient of heat transfer may be assumed as constant for all insulation thick- 
nesses. 

5. A continuous evaporator is operated with a given feed material under conditions 
in which the concentration of the product remains constant. The feed rate at the 
start of a cycle after the tubes have been cleaned has been found to be 10,000 lb/hr. 
After 48 hr of continuous operation, tests have shown that the feed rate decreases to 
5000 lb/hr. The reduction in capacity is due to true scale formation. If the down 
time per cycle for emptying, cleaning, and recharging is 6 hr, how long should the 
evaporator be operated between cleanings in order to obtain the maximum amount of 
product per 30 days? 

6. A solvent-extraction operation is carried out continuously in a plate column with 
gravity flow. The unit is operated 24 hr/day. A feed rate of 1500 cu ft/day must be 
handled 300 days per year. The allowable velocity per square foot of cross-sectional 
tower area is 40 cu ft of combined solvent and charge per hour. The annual fixed costs 
for the installation can be predicted from the following equation: 


Cr = 8800F2, — 51,000F., + 110,000 $/year 


where F’.; = cubic feet of solvent per cubic foot of feed. Operating and other variable 
costs depend on the amount of solvent that must be recovered, and these costs are 
$0.04 for each cubic foot of solvent passing through the tower. What tower diameter 
should be used for optimum conditions of minimum total cost per year? 

7. Prepare a plot of optimum economic pipe diameter versus the flow rate of fluid in 
the pipe under the following conditions: 

Costs and operating conditions ordinarily applicable in industry may be used. 

The flow of the fluid may be considered as in the turbulent range. 

The viscosity of the fluid may range from 0.1 to 20 centipoises. 
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‘The plot is to apply for steel pipe. 

Express the diameters in inches and use inside diameters. 

The plot should cover a diameter range of 0.1 to 100 in. 

Express the flow rate in 1000 lb/hr. 

The plot should cover a flow-rate range of 10 to 100,000 lb/hr. 

The plot should be presented on log-log coordinates. 

One line on the plot should be presented for each of the following fluid densities: 
100, 50, 10, 1, 0.1, 0.01, and 0.001 Ib/eu ft. 

8. For the conditions indicated in Prob. 7, prepare a log-log plot of fluid velocity in 
feet per second versus optimum economic pipe diameter in inches. The plot should 
cover a fluid-velocity range of 1 to 100 fps and a pipe-diameter range of 1 to 10 in. 

9. A continuous evaporator is being used to concentrate a scale-forming solution of 
sodium sulfate in water. The over-all coefficient of heat transfer decreases according 
to the following expression: 


a = 8 X 107% + 6 x 10-* 
where U = over-all coefficient of heat transfer, Btu/(hr)(sq ft)(°F), and 6 = time in 
operation, hr. 

The only factor which affects the over-all coefficient is the scale formation. The 
liquid enters the evaporator at the boiling point, and the temperature and heat of vapor- 
ization are constant. At the operating conditions, 990 Btu are required to vaporize 
1 lb of water, the heat-transfer area is 400 sq ft, and the temperature-difference driving 
force is 70°F. The time required to shut down, clean, and get back on stream is 4 hr 
for each shutdown, and the total cost for this cleaning operation is $100 per cycle. 
The labor costs during operation of the evaporator are $10 per hour. Determine the 
total time per cycle for minimum total cost under the following conditions: 

(a) An over-all average of 65,000 lb of water per 24-hr day must be evaporated during 
each 30-day period. 

(b) An over-all average of 81,000 lb of water per 24-hr day must be evaporated during 
each 30-day period. 

10. An organic chemical is produced by a batch process. In this process, chemicals 
X and Y react to form chemical Z. Since the reaction rate is very high, the total time 
required per batch has been found to be independent of the amounts of the materials, and 
each batch requires 2 hr, including time for charging, heating, and dumping. The fol- 
lowing equation shows the relation between the pounds of Z produced (lbz) and the 


pounds of X (Ibx) and Y (lby) supplied: 
Ibz = 1.5(1.1 lbx lbz + 1.3 lby lbz — lbx lby)°* 


Chemical X costs $0.09 per pound. Chemical Y costs $0.04 per pound. Chemical Z sells 
for $0.80 per pound. If one-half of the selling price for chemical Z is due to costs other 
than for raw materials, what is the maximum profit obtainable per pound of chemical as 

11. Derive an expression similar to Eq. (54) (Chap. 9) for finding the optimum exit 
temperature of cooling water from a heat exchanger when the temperature of the ma- 
terial being cooled is not constant. Designate the true temperature-difference driving 
force by Fg Ati.m., where Fg is a correction factor with value dependent on the geometri- 
cal arrangement of the passes in the exchanger. Use primes to designate the tempera- 
ture of the material that is being cooled. 

12. Under the following conditions, determine the optimum economic thickness of 
insulation for a 114-in. standard pipe carrying saturated steam at 100 psig. The line 
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is in use continuously. The covering specified is light carbonate magnesia, which is 
marketed in whole-number thicknesses only (i.e., 1 in., 2 in., 3 in., etc.). The cost of 
the installed insulation may be approximated as $10 per cubic foot of insulation. An- 
nual fixed charges are 20 per cent of the initial investment, and the heat of the steam 
is valued at $0.75 per 1 million Btu. The temperature of the surroundings may be 
assumed to be 80°F. : 

L. B. MeMillan, Trans. ASME, 48:1269 (1926), has presented approximate values of 
optimum economic insulation thickness versus the group (kb-Hy At/a,)°, with pipe size 
as a parameter. 


k = thermal conductivity of insulation, Btu/(hr)(sq ft)(°F/ft) 
cost of heat, $/Btu 

H,, = hours of operation per year, hr/year 

At = over-all temperature-difference driving force, °F 

a, = cost of insulation, $/(cu ft)(year) 


o 
Q 
ll 


The following data are based on the results of McMillan, and these data are applicable 
to the conditions of this problem: 


Optimum economic thickness of insulation, 











kb-H, At\°* in., for nominal pipe diameter of 

ac 

Y in. 1 in. 2 in. 4 in. 
Ost re, 0.40 0.5 0.6 
0.2 0.80 0.95 Del 1.3 
0.3 1.20 1.4 1.6 1.9 
0.5 1.85 2.1 2.45 2.9 
0.8 2.75 3.1 3.6 4.3 
1.2 3.80 4.3 4.9 





13. A catalytic process uses a catalyst which must be regenerated periodically be- 
cause of reduction in conversion efficiency. The cost for one regeneration is constant 
at $800. This figure includes all shutdown and start-up cost, as well as the cost for the 
actual regeneration. The feed rate to the reactor is maintained constant at 150 Ib /day, 
and the cost for the feed material is $2.50 per pound. The daily costs for operation 
are $300, and fixed charges plus general overhead costs are $100,000 per year. Tests 
on the catalyst show that the yield of product as pounds of product per pound of feed 
during the first day of operation with the regenerated catalyst is 0.87, and the yield 
decreases as 0.87/(@p)°*, where @p is the time in operation expressed in days. The 
time necessary to shut down the unit, replace the catalyst, and start up the unit is 
negligible. The value of the product is $14.00 per pound, and the plant operates 300 
days per year. Assuming no costs are involved other than those mentioned, what is 
the maximum annual profit that can be obtained under these conditions? 


CHAPTER 10) 


GENERAL DESIGN CONSIDERATIONS 


The development of a complete plant design requires consideration of 
many different subjects. As indicated in the preceding chapters, the role 
of costs and profits is very important. The application of engineering 
principles in the design of individual pieces of equipment is equally im- 
portant. In addition, many other factors must be considered, such as 
plant location, plant layout, plant operation and control, patent and legal 
restrictions, structural design, and marketing of finished products. 

The design engineer cannot be an expert on each of the many functions 
that are part of the detailed passage from an initial idea to a complete 
industrial plant. He should, however, recognize the importance of the dif- 
ferent factors and understand their role in the total project. 

This chapter presents an over-all view of the various functions involved 
in the development of a complete plant design. Particular emphasis is 
placed on the general considerations which serve to integrate the design 
and yield a successful final plant. 

Types of Designs. The methods for carrying out a design project may 
be divided into the following classifications, depending on the accuracy and 
detail required: 

1. Preliminary or quick-estimate designs 

2. Detailed-estimate designs 

3. Firm process designs 

Preliminary designs are ordinarily used as a basis for determining whether 
further work should be done on the proposed process. The design is based 
on approximate process methods, and rough cost estimates are prepared. 
Few details are included, and the time spent on calculations is kept at a 
minimum. 

If the results of the preliminary design show that further work is justi- 
fied, a detailed-estimate design may be developed. In this type of design, 
the cost-and-profit potential of an established process is determined by de- 
tailed analyses and calculations. However, exact specifications are not 
given for the equipment, and drafting-room work is minimized. 

When the detailed-estimate design indicates that the proposed project 

iWw(l 
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should be a commercial success, the final step before developing construc- 
tion plans for the plant is the preparation of a firm process design. Com- 
plete specifications are presented for all components of the plant, and accu- 
rate costs based on quoted prices are obtained. The firm process design 
includes blueprints and sufficient information to permit immediate develop- 
ment of the final plans for constructing the plant. 


DESIGN-PROJECT PROCEDURE 


The development of a design project always starts with an initial idea 
or plan. This initial idea must be stated as clearly and concisely as pos- 
sible in ordew to define the scope of the project. General specifications 
and pertinent laboratory or chemical engineering data should be presented 
along with the initial idea. 

Feasibility Survey. Before any detailed work is done on the design, 
the technical and economic factors of the proposed process should be 
examined. The various reactions and physical processes involved must be 
considered, along with the existing and potential market conditions for the 
particular product. A preliminary feasibility survey of this type gives an 
immediate indication of the probable success of the project and also shows 
what additional information is necessary to make a complete evaluation. 
Following is a list of items that should be considered in making a feasibility 
survey: 

1. Raw materials (availability, quantity, quality, cost) 

2. Thermodynamics and kinetics of chemical reactions involved (equi- 
librium, yields, rates, optimum conditions) 

3. Facilities and equipment available at present 

4. Facilities and equipment which must be purchased 

5. Estimation of production costs and total investment 

6. Profits (probable and optimum, per pound of product and per year, 
return on investment) 

7. Materials of construction 

8. Safety considerations 

9. Markets (present and future supply and demand, present uses, new 
uses, present buying habits, price range for products and by-products, 
character, location, and number of possible customers) 

10. Competition (over-all production statistics, comparison of various 
manufacturing processes, product specifications of competitors) 

. 11. Properties of products (chemical and physical properties, specifica- 
tions, impurities, effects of storage) 

12. Sales and sales service (method of selling and distributing, advertis- 
ing required, technical services required) 

13. Shipping restrictions and containers 
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14. Plant location 

15. Patent situation and legal restrictions 

When detailed data on the process and firm product specifications are 
available, a complete market analysis combined with a consideration of all 
sales factors should be made. This analysis can be based on a breakdown 
of items 9 through 15 as indicated in the preceding list. 

Process Development. In many cases, the preliminary feasibility sur- 
vey indicates that additional research, laboratory, or pilot-plant data are 
necessary, and a program to obtain this information may be initiated. 
Process development on a pilot-plant or semiworks scale is usually de- 
sirable in order to get accurate design data. Valuable information on ma- 
terial and energy balances can be obtained, and process conditions can be 
examined to supply data on temperature and pressure variations, yields, 
rates, grades of raw materials and products, batch versus continuous opera- 
tion, materials of construction, operating characteristics, and other perti- 
nent design variables. 

Design. If sufficient information is available, a preliminary design may 
be developed in conjunction with the preliminary feasibility survey. When 
essential data are not available until provided through process develop- 
ment, the preliminary design should be carried out as soon as the necessary 
information is obtained. In this way, the preliminary design can serve its 
function of eliminating an undesirable project before a large amount of 
time and money is expended. 

The preliminary design and the process-development work give the re- 
sults necessary for a detailed-estimate design. The following factors should 
be established within narrow limits before a detailed-estimate design is 
developed: 

1. Manufacturing process 

2. Material and energy balances 

3. Temperature and pressure ranges 

4. Raw-material and product specifications 

5. Yields, reaction rates, and time cycles 

6. Materials of construction 

7. Utilities requirements 

8. Plant site 

When the preceding information is included in the design, the result per- 
mits accurate estimation of required capital investment, manufacturing 
costs, and potential profits. Consideration should be given to the types 
of buildings, heating, ventilating, lighting, power, drainage, waste disposal, 
safety facilities, instrumentation, etc. . 

Firm process designs can be prepared for purchasing and construction. 
Detailed drawings are made for the fabrication of special equipment, and 
specifications are prepared for purchasing standard types of equipment 
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and materials. A complete plant layout is prepared, and blueprints and 
instructions for construction are developed. Piping diagrams and other 
construction details are included. Specifications are given for warehouses, 
laboratories, guardhouses, fencing, change houses, transportation facilities, 
and similar items. The final firm process design must be developed with 
the assistance of persons skilled in various engineering fields, such as archi- 
tectural, ventilating, electrical, and civil. 

Construction and Operation. When a definite decision to proceed with 
the construction of a plant is made, there is usually an immediate demand 
for a quick plant start-up. Timing, therefore, is particularly important in 
plant construction. Long delays may be encountered in the fabrication of 
major pieces of equipment, and steel deliveries often lag far behind the 
date of ordering. These factors must be taken into consideration when 
developing the final plans. 

The design engineers should work in close conjunction with construction 
personnel during the final stages of construction and purchasing designs. 
In this way, the design sequence can be arranged to make certain the im- 
portant factors that might delay construction are given first consideration. 
Construction of the plant may be started before the final design is 100 per 
cent complete. Correct design sequence is then essential in order to avoid 
construction delays. 

During construction of the plant, the design engineer should visit the 
plant site to assist in interpretation of the plans and learn methods for 
improving future designs. The design engineer should also be available 
during the initial start-up of the plant and the early phases of operation. 
Thus, by close teamwork between design, construction, and operations per- 
sonnel, the final plant can develop from the drawing-board stage to an 
operating unit that can function both efficiently and effectively. 


DESIGN INFORMATION FROM THE LITERATURE 


A survey of the literature will often reveal general information and spe- 
cific data pertinent to the development of a design project. One good 
method for starting a literature survey is to obtain a recent publication 
dealing with the subject under investigation. This publication will give 
additional references, and each of these references will, in turn, indicate 
other sources of information. This approach permits a rapid survey of the 
important literature. 

Chemical Abstracts, published semimonthly by the American Chemical 
Society, can be used for comprehensive literature surveys on chemical 
processes and operations.* This publication presents a brief outline and 


bal stracts » ye » j "4 7 ‘ ® . . 
Abstracts of general engineering articles are available in the Engineering Index. 
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the original reference of published articles dealing with chemistry and re- 
lated fields. Yearly and decennial indexes of subjects and authors permit 
rapid location of articles concerning specific topics. 

Figure 10-1 shows the typical form of a card for recording information 
from the Abstracts. The notation in the upper right-hand corner indicates 
the Chemical Abstracts volume, page number and paragraph, and year. If 
the article appears to be of value, further information can be obtained 
from the original reference. 


C.A. 48, 42629, 1954 


Subject: Flooding Velocities 
Title: A Correlation of Flooding Velocities in Packed Columns 
Authors: E.H. Hoffing and F. J. Lockhart 


Source: Chem. Eng. Prog., 50, 94-103 (1954) 


Abstract: Data on flooding velocities in a 6-in. diameter column 
are presented. The results are correlated to present a method 
for predicting flooding velocities to within 10% of the correct 
value. 





Fic. 10-1. Sample of card used for recording information from the Chemical Abstracts. 


Annual reviews of publications in the fields of unit processes, unit opera- 
tions, materials of construction, and chemical engineering fundamentals 
are published in Industrial and Engineering Chemistry. In addition to 
Industrial and Engineering Chemistry, there are many other periodicals that 
publish articles of direct interest to the design engineer. The following 
periodicals are valuable sources of information for the chemical engineer 
who wishes to keep abreast of the latest developments in his field: A merican 
Institute of Chemical Engineers’ Journal, Chemical Engineering Progress, 
Chemical Engineering, Chemical and Engineering News, Chemical Engineer- 
ing Science, Journal of the American Chemical Society, Journal of Physical 
Chemistry, Petroleum Refiner, Engineering News-Record, and Transactions 
of the Faraday Society. 

A large number of textbooks covering the various aspects of chemical 
engineering principles and design are available.* In addition, many hand- 
books have been published giving physical properties and other basic data 
which are very useful to the design engineer. Examples of handbooks and 
other data sources of particular value to the chemical engineer are pre- 


* For example, see the Chemical Engineering Series listing at the front of this book. 
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sented in the following list (name following the title is that of the editor): 


“American Electricians’ Handbook,” T. Croft and C. C. Carr, McGraw- 
Hill Book Company, Inc., New York. 

“Architects’ and Builders’ Handbook,” E. E. Kidder and H. Parker, John 
Wiley & Sons, Inc., New York. 

“Chemical Business Handbook,” J. H. Perry, McGraw-Hill Book Com- 
pany, Inc., New York. 

“Chemical Engineers’ Handbook,” J. H. Perry, McGraw-Hill Book Com- 
pany, Inc., New York. 

“Civil Engineering Handbook,” L. C. Urquhart, McGraw-Hill Book Com- 
pany, Inc., New York. 

“Corrosion Handbook,” H. H. Uhlig, John Wiley & Sons, Inc., New York. 

‘“Blectrical Engineers’ Handbook,” H. Pender, Jonn Wiley & Sons, Inc., 
New York. 

“Fuels and Combustion Handbook,” A. J. Johnson and G. H. Auth, 
McGraw-Hill Book Company, Inc., New York. 

“Handbook of Chemistry,’”’ N. A. Lange, Handbook Publishing Company, 
Sandusky, Ohio. 

“Handbook of Chemistry and Physics,’ C. D. Hodgman, Chemical Rub- 
ber Publishing Company, Cleveland, Ohio. 

“Handbook of Engineering Fundamentals,’ O. W. Eshbach, John Wiley 
& Sons, Inc., New York. 

“International Critical Tables,’ National Academy of Sciences and Na- 
tional Research Council, McGraw-Hill Book Company, Inc., New 
York. 

‘“‘Ixent’s Mechanical Engineers’ Handbook,” W. Kent, John Wiley & Sons, 
Inc., New York. 

“Mechanical Engineers’ Handbook,” L. 8’ Marks, McGraw-Hill Book 
Company, Inc., New York. 

“Physical Constants of the Principal Hydrocarbons,” M. P. Doss, The 
Texas Company, New York. 

“Physical Properties of Hydrocarbons,” G. Egloff, A.C.S. Monograph No. 
78, Reinhold Publishing Corporation, New York. 

“Piping Handbook,” 8. Crocker, McGraw-Hill Book Company, Inc., New 
York. \ : 

“Plant Engineering Handbook,” W. Staniar, McGraw-Hill Book Com- 
pany, Inc., New York. 

“Practical Design Handbook for Engineers,” A. Cibulka, Highlands, Texas. 

“Selected Values of Physical and Thermodynamic Properties of Hydro- 
a and Related Compounds,” A.P.I., Carnegie Press, Pittsl yurgh, 

a. 

“Standard Handbook for Electrical Engineers,” A. E. Knowlton, MeGraw- 

Hill Book Company, Inc., New York. 





GENERAL DESIGN CONSIDERATIONS 177 


- Trade bulletins are published regularly by most manufacturing concerns 
and these bulletins give much information of direct interest to the fon 
engineer. Some of the trade-bulletin information is condensed in an ex- 
cellent reference book on chemical engineering equipment, products ae 
manufacturers. The book is known as the ‘Chemical Engineering es 
log,” * and it contains a large amount of valuable descriptive material. 

New information is constantly becoming available through publication 
in periodicals, books, trade bulletins, government reports, university bulle- 
tins, and many other sources. Many of the publications are devoted to 
short-cut methods for estimating physical properties or making design cal- 
culations, while others present convenient compilations of essential data in 
the form of nomographs or tables. 

The effective design engineer must make every attempt to keep an up- 
to-date knowledge of the advances in his field. Personal experience and 
contacts, attendance at meetings of technical societies and industrial ex- 
positions, and reference to the published literature are very helpful in giving 
the engineer the background information necessary for a successful design. 


COMPARISON OF DIFFERENT PROCESSES 


In the course of a design project it is necessary to determine the most 
suitable process for obtaining a desired product. Several different manu- 
facturing methods may be available for making the same material, and the 
various processes must be compared in order to pick the one best suited 
to the existing conditions. 

The comparison can be accomplished through the development of com- 
plete designs. In many cases, however, all but one or two of the possible 
processes can be eliminated by a weighted comparison of the essential 
variable items, and detailed design calculations for each process may not 
be required. The following items should be considered in a comparison of 
this type: 


1. Technical factors 
a. Process flexibility 
b. Continuous operation 
c. Special controls involved 
d. Commercial yields 
e. Technical difficulties involved 
f. Power consumption 
g. Special auxiliaries required 
h. Possibility of future developments 
i. Health and safety hazards involved 


* Published annually by Reinhold Publishing Corporation, New York. 
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2. Raw materials 
a. Present and future availability 
b. Processing required 
c. Storage requirements 
d. Handling of materials 
3. Waste products and by-products 
a. Amount produced 
b. Value 
c. Potential markets and uses 
d. Manner of discard 
4. Equipment 
. Availability 
. Materials of construction 
Initial costs 
. Maintenance and installation costs 
Replacement requirements 
. Special designs 
lant location 
. Amount of land required 
. Transportation facilities 
Proximity to markets and raw-material sources 
. Availability of service and power facilities 
Availability of labor 
Climate 
Legal restrictions and taxes 
osts 
. Raw materials 
. Depreciation 
Other fixed charges 
. Processing and overhead 
Special labor requirements 
Real estate 
. Patent rights 


W>s aseos 


6. 


QRS Aae CHA OVRMVPF AS S'S 


Batch versus Continuous Operation. When comparing different proc- 
esses, consideration should always be given to the advantages of continuous 
operation over batch operation. In many cases, costs can be reduced by 
using continuous instead of batch processes. Less labor is required, and 
control of the equipment and grade of final product is simplified. Whereas 
batch operation was common in the early days of the modern chemical 
industry, more and more processes are being switched completely or par- 
tially to continuous operation. The advent of many new types of control 
instruments has made this transition possible, and the design engineer 
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should be aware of the advantages inherent in any type of continuous 
operation. 


FLOW DIAGRAMS 


The design engineer uses flow diagrams to show the sequence of equip- 
ment and unit operations in the over-all process, to simplify visualization 
of the manufacturing procedures, and to indicate the quantities of materials 
and energy transfer. These diagrams may be divided into three general 
types: (1) qualitative, (2) quantitative, and (3) combined-detail. 

A qualitative flow diagram indicates the flow of materials, unit opera- 
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Fic. 10-2. Qualitative flow diagram for the manufacture of nitric acid by the ammonia- 


oxidation process. 
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tions involved, equipment necessary, and special information on operating 
temperatures and pressures. A quantitative flow diagram shows the quan- 
tities of materials required for the process operation. . An example of a 
qualitative flow diagram for the production of nitric acid is shown in Fig. 
10-2. Figure 10-3 presents a quantitative flow diagram for the same 
process. . 
Preliminary flow diagrams are made during the early stages of a design 
project. As the design proceeds toward completion, detailed information 
on flow quantities and equipment specifications become available, and com- 
bined-detail flow diagrams can be prepared. This type of diagram shows 
the qualitative flow pattern and serves as a base reference for giving equip- 
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Fig. 10-3. Quantitative flow diagram for the manufacture of nitric acid by the ammo- 
nia-oxidation process. 
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ment specifications, quantitative data, and sample calculations. Tables 
presenting pertinent data on the process and the equipment are cross- 
referenced to the drawing. In this way, qualitative information and quan- 
titative data are combined on the basis of one flow diagram. The drawing 
does not lose its effectiveness by presenting too much information; yet the 
necessary data are readily available by direct reference to the accompany- 
ing tables. 

A typical combined-detail flow diagram shows the location of tempera- 
ture and pressure regulators and indicators, as well as the location of criti- 
cal control valves and special instruments. Each piece of equipment is 
shown and is designated by a defined code number. For each piece of 
equipment, accompanying tables give essential information, such as speci- 
fications for purchasing, specifications for construction, type of fabrication, 
quantities and types of chemical involved, and sample calculations. 


PLANT LOCATION 


The geographical location of the final plant can have a strong influence 
on the success of an industrial venture. Much care must be exercised in 
choosing the plant site, and many different factors must be considered. 
Primarily, the plant should be located where the minimum cost of produc- 
tion and distribution can be obtained, but other factors, such as room for 
expansion and general living conditions, are also important. 

An approximate idea as to the plant location should be obtained before 
a design project reaches the detailed-estimate stage, and a firm location 
should be established upon completion of the detailed-estimate design. 
The choice of the final site should first be based on a complete survey of 
the advantages and disadvantages of various geographical areas and, ulti- 
mately, on the advantages and disadvantages of available real estate. 

The following factors should be considered in choosing a plant site: 

1. Raw materials 
. Markets 
. Power and fuel 
. Climate 
. Transportation facilities 
. Water supply 
. Waste disposal 
. Labor supply 
9. Taxation and legal restrictions 
10. Room for expansion 
11. Flood and fire protection 
12. Site characteristics 
13. Proximity to industrial centers 
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Raw Materials. The source of raw materials is one of the most important 
factors influencing the selection of a plant site. This is particularly true 
if large volumes of raw materials are consumed, because location near the 
raw-materials source permits considerable reduction in transportation and 
storage charges. Attention should be given to the purchased price of the 
raw materials, distance from the source of supply, freight or transportation 
expenses, reliability of supply, purity of the available raw materials, and 
storage requirements. 

Markets. The location of markets or intermediate distribution centers 
affects the cost of product distribution and the time required for shipping. 
Proximity to the major markets is an important consideration in the selec- 
tion of a plant site, because the buyer usually finds it advantageous to 
purchase from nearby sources. It should be noted that markets are needed 
for by-products as well as for the major final products. 

Power and Fuel. Power and steam requirements are high in most in- 
dustrial plants, and fuel is ordinarily required to supply these utilities. 
Consequently, power and fuel can be combined as one major factor in the 
choice of a plant site. Electrolytic processes require a cheap source of elec- 
tricity, and plants using electrolytic processes are often located near large 
hydroelectric installations. If the plant requires large quantities of coal 
or oil, location near a source of fuel supply may be essential for economic 
operation. The local cost of power can help determine whether power 
should be purchased or self-generated. 

Climate. If the plant is located in a cold climate, costs may be increased 
by the necessity for construction of protective shelters around the process 
equipment, and special cooling towers or air-conditioning equipment may 
be required if the prevailing temperatures are high. Excessive humidity 
or extremes of hot or cold weather can have a serious effect on the eco- 
nomic operation of a plant, and these factors should be examined when 
picking a plant site. 

Transportation Facilities. Water, railroads, and highways are the com- 
mon means of transportation used by industrial concerns. The kind and 
amount of products and raw materials determine the most suitable type 
of transportation facilities. In any case, careful attention should be given 
to local freight rates and existing railroad lines. The proximity to railroad 
centers and the possibility of canal, river, lake, or ocean transport must 
be considered. Motor trucking facilities are widely used and can serve as 
a useful supplement to rail and water facilities. If possible, the plant site 
should have access to all three types of transportation, and, certainly, at 
least two types should be available. There is usually need for convenient 
air and rail transportation between the plant and the main company head- 
quarters, and effective transportation facilities for the plant workers are 
necessary. 
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‘Water Supply. The process industries use large quantities of water for 
cooling, washing, steam generation, and as a raw material. The plant 
therefore, must be located where a dependable supply of water is Boailabla: 
A large river or lake is preferable, although deep wells or artesian wells 
may be satisfactory if the amount of water required is not too great. The 
level of the existing water table can be checked by consulting the state 
geological survey, and information on the constancy of the water table 
and the year-round capacity of local rivers or lakes should be obtained. 
If the water supply shows seasonal fluctuations, it may be desirable to 
construct a reservoir or to drill several stand-by wells. The temperature, 
mineral content, silt or sand content, bacteriological content, and cost for 
supply and purification treatment must also be considered when choosing 
a water supply. 

Waste Disposal. In recent years, many legal restrictions have been 
placed on the methods for disposing of waste materials from the process 
industries. The site selected for a plant should have adequate capacity 
and facilities for correct waste disposal. Even though a given area has no 
restrictions on pollution, it should not be assumed that this condition will 
continue to exist. Waste disposal can be accomplished by water, land, or 
air dispersal. In choosing a plant site, the permissible tolerance levels for 
the various methods of waste disposal should be considered, and attention 
should be given to potential requirements for additional waste-treatment 
facilities. 

Labor Supply. The type and supply of labor available in the vicinity of 
a proposed plant site must be examined. Consideration should be given 
to prevailing pay rates, restrictions on number of hours worked per week, 
competing industries that can cause dissatisfaction or high turnover rates 
among the workers, racial segregation, and variations in the skill and intel- 
ligence of the workers. 

Taxation and Legal Restrictions. State and local tax rates on property, 
income, unemployment insurance, and similar items vary from one loca- 
tion to another. Similarly, local regulations on zoning, building codes, 
nuisance aspects, and transportation facilities have an influence on the final 
choice of a plant site. 

Room for Expansion. Future changes may make it desirable or neces- 
sary to expand the plant facilities. Therefore, even though no immediate 
expansion is planned, a new plant should be constructed at a location 
where additional space is available. 

Flood and Fire Protection. Many industrial plants are located along 
rivers or near large bodies of water, and there are risks of flood or hurricane 
damage. Before choosing a plant site, the regional history of natural 
events of this type should be examined and the consequences of such 
occurrences considered, Protection from losses by fire is another important 
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factor in picking a plant location. In case of a major fire, assistance from 
outside fire departments should be available. Fire hazards in the imme- 
diate area surrounding the plant site must not be overlooked. 

Site Characteristics. The characteristics of the land at a proposed plant 
site should be examined carefully. The topography of the tract of land 
and the soil structure must be considered, since they may have a pro- 
nounced effect on construction costs. The cost of the land is important, 
as well as local building costs and living conditions. 

Proximity to Industrial Centers. Location near large industrial centers 
has the advantage of giving a large supply of labor and a wide variety of 
transportation facilities. Proximity to other industrial concerns may per- 
mit reduced prices on certain necessary materials and services. On the 
other hand, there are many advantages to location in rural areas. Real 
estate is usually cheaper, and there is less tendency for excessive labor 
turnover. Taxes may be much lower, and there are fewer restrictive ordi- 
nances. In case of a major disaster, such as a nuclear-bomb attack or an 
explosion, location in an isolated area would be very beneficial. 

Selection of the Plant Site. The major factors in the selection of most 
plant sites are (1) raw materials, (2) markets, (3) power and fuel, (4) cli- 
mate, (5) transportation facilities, and (6) water supply. For a preliminary 
survey, the first four of these should be considered. Thus, on the basis of 
raw materials, markets, power and fuel, and climate, acceptable locations 
can usually be reduced to one or two general geographical regions. For 
example, the preliminary survey might indicate that the best location for 
a particular plant would be in the south central or southeastern part of 
the United States. 

In the next step, the effects of transportation facilities and water supply 
are taken into account. This permits reduction of the possible plant loca- 
tion to several general target areas. These areas can then be reduced 
further by considering all the factors that have an influence on plant loca- 
tion. 

As a final step, a detailed analysis of the remaining sites can be made. 
Exact data on items such as freight rates, labor conditions, tax rates, price 
of land, and general local conditions can be obtained. The various sites 
can be inspected and appraised on the basis of all the factors influencing 
the final decision. Many times, the advantages of locating a new plant 
on land or near other facilities already owned by the concern that is build- 
ing the new plant outweigh the disadvantages of the particular location. 
In any case, however, the final decision on choosing the plant site should 
take into consideration all the factors that can affect the ultimate success 
of the over-all operation. 
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PLANT LAYOUT 


The physical layout of a plant should permit coordination between the 
operation of process equipment and the use of storage and materials-han- 
dling facilities. A detailed plan of the plant layout should be developed 
in conjunction with a firm process design. The layout can play an im- 
portant part in determining construction and manufacturing costs, and it 
must be planned carefully with attention being given to future problems 
that may arise. The following factors should be considered: *} 

1. Type and quantity of product to be manufactured 

2. Possible changes in the future 

3. Storage facilities readily available for use 

4. Process operation arranged for operators’ convenience 
5. Space available and space required 

6. Time interval between successive operations 

7. Automatic or semiautomatic controls 

8. Safety consideration 

9. Availability of utilities and services 

10. Waste disposal 

11. Necessary control tests 

12. Auxiliary equipment 

13. Gravity flow 

14. Type of buildings 

15. Problems in plant construction 

16. Accessibility of equipment and piping for repairs, maintenance, and 
inspection 

Preparation of the Layout. Scale drawings, complete with elevation 
indications, can be used for determining the best location for equipment 
and facilities. Elementary layouts are developed first. These show the 
fundamental relationships between storage space and operating equipment. 
The next step requires consideration of the operational sequence and gives 
a primary layout based on flow of materials, unit operations, storage, and 
future expansion. Finally, by analyzing all the factors that are involved 
in plant layout, a detailed recommendation can be presented, and drawings 
and elevations, including isometric drawings of the piping systems, can be 
prepared. 

Templates, or small cutouts constructed to a selected scale, are useful 
for making rapid and accurate layouts, and three-dimensional models are 
often made. The use of such models for making certain a proposed plant 


* J. M. Apple, ‘Plant Layout and Materials Handling,’ The Ronald Press Company, 
New York, 1950. . 

+R. W. Mallick and A. A. Gaudreau, “Plant Layout—Planning and Practice,” 
John Wiley & Sons, Inc., New York, 1951. 
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layout is correct has found increasing favor in recent years. A scale of 
14 in. = 1 ft is commonly employed. 

Figure 10-4 shows a view of a typical model for an industrial plant. 
Errors in a plant layout are easily located when three-dimensional models 
are used, since the operations and construction engineers can immediately 
see errors which might have escaped notice on two-dimensional templates 
or blueprints. In addition to increasing the efficiency of a plant layout, 
models are very useful during plant construction and for instruction and 
orientation purposes after the plant is completed. 





Fia. 10-4. Scale model showing details of plant layout. (M. W. Kellogg Company.) 


PLANT OPERATION AND CONTROL 


In the design of an industrial plant, the methods which will be used for 
plant operation and control help determine many of the design variables 
For example, the extent of instrumentation can be a factor in choosing the 

S 
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type of process and setting the labor requirements. Health and safety 
hazards involved in the operation must not be overlooked, and it should 
be remembered that maintenance work will be necessary to keep the in- 
stalled equipment and facilities in good operating condition. The design 
engineer must recognize the importance of factors of this type which are 
directly related to plant operation and control, and he must take them into 
proper account during the development of a design project. 


Instrumentation 


Instruments are used in the chemical industry to measure process varia- 
bles, such as temperature, pressure, density, viscosity, specific heat, con- 
ductivity, pH, humidity, dew point, liquid level, flow rate, chemical com- 
position, and moisture content. By use of instruments having varying 
degrees of complexity, the values of these variables can be recorded con- 
tinuously and controlled within narrow limits. 

Automatic control has been accepted generally throughout the chemical 
industry, and the resultant savings in labor combined with improved ease 
and efficiency of operation has more than offset the added expense for in- 





ig Pte . 


Fic. 10-5. Example of a graphic panel for a fluid catalytic cracking unit. (C. F. Braun 
and Company.) 
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strumentation. Effective utilization of the many instruments employed in 
a chemical process is achieved through centralized control, whereby one 
centrally located control room is used for the indication, recording, and 
regulation of the process variables. Panel boards have been developed 
which present a graphical representation of the process and have the instru- 
ment controls and indicators mounted at the appropriate locations in the 
over-all process. This helps a new operator to familiarize himself quickly 
with the significance of the instrument readings, and rapid location of any 
operational variance is possible. An example of a graphic panel in a mod- 
ern industrial plant is shown in Fig. 10-5. 

Because of the many variables found in processing and the wide range 
over which these variables must be determined and controlled, the assist- 
ance of a skilled instrumentation engineer is essential in setting up a con- 
trol system. Instrumentation problems caused by transmission lags, cy- 
cling due to slow or uncompensated response, radiation errors, or similar 
factors are commonly encountered in plant operation, but most of these 
problems can be eliminated if the control system is correctly designed. 


Maintenance 


Many of the problems involved in maintenance are caused by the origi- 
nal design and layout of plant and equipment. Sufficient space for main- 
tenance work on equipment and facilities must be provided in the plant 
layout, and the engineer should consider maintenance requirements when 
he is making his decisions on equipment. 

Too often, the design engineer is conscious only of first costs and fails 
to recognize that maintenance costs can easily nullify the advantages of a 
cheap initial installation. For example, a close-coupled motor pump utiliz- 
ing a high-speed motor may require less space and lower initial cost than 
a standard motor combined with a coupled pump. However, if replace- 
ment of the impeller and shaft becomes necessary, the repair cost with a 
close-coupled motor pump is much greater than with a regular coupled 
pump. ‘The use of a high-speed motor reduces the life of the impeller and 
shaft, particularly if corrosive liquids are involved. If the design engineer 
fails to consider the excessive maintenance costs that may result, he can 
make the error of recommending the cheaper and smaller unit. Similarly, 
a compact system of piping, valves, and equipment may be cheap and 
convenient for the operators’ use, but maintenance of the system may re- 
quire costly and time-consuming dismantling operations. 


Health and Safety 


oxic and corrosive chemicals, fires, explosions, falls, and mechanical 
equipment are the major health and safety hazards encountered in the 
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operation of plants in the process industries. The design engineer must be 
aware of these hazards, and he must make every attempt to present a 
design which provides the maximum protection for the plant personnel 
and the minimum chance for the occurrence of accidents. 

Chemical Hazards. Many chemicals can cause dangerous burns if they 
come in contact with living tissue. Dehydration by strong dehydrating 
agents, digestion by strong acids and bases, and oxidation by strong oxi- 
dizing agents can destroy living tissue. Eyes and the mucous membranes 
of the nose and throat are particularly susceptible to the effects of corrosive 
dusts, mists, and gases. In addition to having the ability to destroy living 
tissue, many chemicals are very poisonous or are prone to burn or explode. 
Tolerance levels for toxic chemicals are presented in Table 1, and Table 2 
shows the explosive limits for various flammable materials. 

Fire and Explosion Hazards. The chances that a single fire or explo- 
sion will spread to adjoining units can be reduced by careful plant layout 
and judicious choice of constructional materials. Hazardous operations 
should be isolated by location in separate buildings or by the use of brick 
fire walls. Brick or reinforced concrete walls can serve to limit the effects 
of an explosion, particularly if the roof is designed to lift easily under an 
explosive force. 

Equipment should be designed to meet the specifications and codes of 
recognized authorities, such as the American Standards Association, Ameri- 
can Petroleum Institute, American Society for Testing Materials, Factory 
Mutual Laboratories, National Fire Protection Association, and Under- 
writers’ Laboratories. The design and construction of pressure vessels and 
storage tanks should follow API and ASME Codes, and the vessels should 
be tested at 1.5 to 2 or more times the design pressure. Adequate venting 
is necessary, and it is advisable to provide protection by using both spring- 
loaded valves and rupture disks. 

Possible sources of fire are reduced by eliminating all unnecessary igni- 
tion sources, such as flames, sparks, or heated materials. Matches, smok- 
ing, welding and cutting, static electricity, spontaneous combustion, 
and non-explosion-proof electrical equipment are all potential ignition 
sources. 

The installation of sufficient fire alarms, temperature alarms, fire-fighting 
equipment, and sprinkler systems must be specified by the design engineer. 
First-aid stations, protected walkways and work areas, and effective guards 
on moving parts of equipment should be provided in the final plant, and 
every attempt should be made to incorporate facilities for health and safety 
protection in the original design. 
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ToLERANCE LEVELS FoR Toxic GASES AND Vapors *f 





Substance 


Benzene...... 


Butanol se 


Carbon di- 
sulfide 


Carbon mon- 


oxide 


Carbon tetra- 
chloride 


Chlorine. ..... 


Chlorobenzene 


Ethyl ether... 


Ethylene 
dichloride 


Formaldehyde 


Maximum 
safe at- 
mospheric 
concentra- 
tion for 
8-hr expo- 
sure, ppm 


500 
100 
5 


50 


50 


20 


100 


50 


400 


Usual mode 
of entrance 
to body 


Inhalation 
Inhalation 


Absorption 


through skin, 


inhalation, 
or ingestion 


Inhalation 


Inhalation 


Inhalation, ab- 
sorption 
through skin 


Inhalation 


Inhalation 


Inhalation 


Inhalation 


Inhalation 
Inhalation 
Inhalation, 


direct action 
on skin 


Signs and symptoms of poisoning 


Irritation of skin, eyes, and upper respir- 
atory tract 

Severe irritation of eyes and respiratory 
passage, cough, caustic action on skin 

Acute: weakness, dizziness, blueness of 
lips, fainting 

Chronic: disturbances of equilibrium, 
nausea, vomiting, diarrhea, eczema, 
sleepiness and irritability 

Acute: inebriation, convulsions and loss 
of consciousness 

Chronic: weakness, fatigue, bleeding from 
the gums and nose, headache, dizziness 

No known industrial poisonings, local 
anesthetic, narcotic, produces derma- 
titis 

Acute: headache, dizziness, breathless- 
ness, abdominal pain, loss of conscious- 
ness followed or preceded by delirium 

Chronic: fatigue, dizziness, pain in the 
arms and legs, headache, general nerv- 
ousness, failure of vision, nausea, 
vomiting, pain in the stomach, consti- 
pation 

Acute: dizziness, headache, nausea, red- 
ness of skin, coma, difficult breathing 

Subacute: insomnia and failure of mem- 
ory in addition to general symptoms of 
acute poisoning 

Acute: headache, nausea, vomiting, dull- 
ing of senses, loss of consciousness 

Chronic: nausea, loss of appetite, loss of 
weight, dizziness, mental dullness 

Acute: irritation of the eyes, nose, and 
throat; choking; serious delayed lung 
effects 

Chronic: cough, nasal and bronchial ca- 
tarrh, eroded teeth 

Acute: sleepiness, loss of consciousness, 
twitching or tremors of extremities 

Chronic: headache, dizziness 

Acute: unconsciousness, paralysis, head- 
ache, loss of appetite 

Acute: irritation of eyes and nose, dizzi- 
ness, loss of coordination, nausea, vom- 

iting 

Acute: irritation of eyes, nose, and throat; 


sensitization of skin 
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TABLE 1. ToLerance LEvELs ror Toxic GAsEs AND Vapors (Continued) 


<<eceSa Sam, Wemmmemmemeemeeeeee ec 





Maximum 
safe at- 
mospheric Usual mode 
Substance concentra- of entrance 
tion for to body 
8-hr expo- 
sure, ppm 
Gasoline...... 500 Inhalation 
Hydrogen 10 Inhalation 
chloride 
Hydrogen 20 Inhalation, 
cyanide skin absorp- 
tion 
Hydrogen 3 Inhalation 
fluoride 
Hydrogen 20 Inhalation 
sulfide 
Mercury and 0.10 mg/ | Inhalation as 
its com- cum dust or va- 
pounds por, absorp- 
tion through 
skin 
Methy] alco- 200 Inhalation 
hol 
Nitrogen ox- 25 Inhalation 
ides and 
nitric acid 
Nitroglycerine 0.5 Inhalation, 
skin absorp- 
tion 
Phosgene..... 1 Inhalation 
Sulfur dioxide 10 Inhalation 
BU OUNEIG £:2%s.0%4: 2 200 Inhalation 
PING i ke 5 xs 200 Inhalation 


Signs and symptoms of poisoning 


—_.]4 


Acute: “naphtha jag,” headache, dizzi- 
ness, nausea, vomiting, sleepiness 

Acute: irritation and burns of any tissue 
exposed to it, violent coughing and 
difficult breathing 

Acute: constriction in throat, nausea, 
dizziness, headache, cold sweat, some- 
times convulsions 

Acute: direct and serious irritation and 
burns of skin and mucous membranes 

Acute: asphyxiation 

Subacute: pain and burning sensation in 
eyes, nose, and throat; headaches; 
sleepiness; dizziness; fatigue 

Chronic: increased flow of saliva, swelling 
and inflammation of gums, irritability, 
tremors 


Acute: dizziness, stupor, cramps, diges- 
ae disturbances, dilated pupils, blue 
ips 

Acute: severe corrosive action on skin 
and mucous membranes, cough, diffi- 
cult breathing, delayed lung irritation 

Acute: flushed face, throbbing headache, 
dizziness, tremors, mental disturb- 
ances, fainting, nausea, vomiting 

Acute: irritation of eyes, coughing, feel- 
ing of pressure in chest, severe lung 
effects delayed for some hours after 
exposure 

Acute: irritation of eyes, nose, and throat; 
coughing; and choking 

Similar to benzene but somewhat less 
toxic 

Similar to benzene but considerably less 
toxic 


*F. A. Patty, “Industrial Hygiene and Toxicology,” Interscience Publishers, Inc., 


New York, vol. I, 1948, vol. II, 1949. ; 
t+ ‘Accident Prevention Manual for Industrial Operations,” 2d ed., National Safety 


Council, Inc., Chicago, 1951. 
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TABLE 2. 


Expiostve Limits FOR FLAMMABLE MATERIALS * 


Flash point = lowest temperature at which a liquid gives off enough vapor to form 
flammable mixtures with air which are capable of propagating flame when ignited. 
Auto ignition temperature = lowest temperature at which a flammable gas- or vapor- 


air mixture will ignite solely by heat. 








Explosive or flammable 


Auto ignition | limits, % by volume in air 





Flash 
Substance point, temperature, 
oF oF 

Lower Upper 
Acetaldehyde)., .. 064.0% —17 365 4.0 57 
ACOtONO Gen. ies ga tee 0 1000 2.55 12.8 
ACetWIENG t eo. anear ais heat Gas 635 2.5 80 
PATVUMIOVULE Sycathiw ong Cae AS Gas 1204 16 25 
ADINNG ces Aes eee aoe eee 168 1000 
Benzenes wae Ae tee 12 1000 1.5 8 
Vir ULANG. Set eas, ees —76 806 1.6 8.5 
PADUA IO) ce pe ee eer te 100 650 Wage 
Carbon disulfide............. —22 212 1.0 50 
Carbon monoxide............ Gas 1204 12.5 74 
MEHATOK wate eataaGaeuiie Gas 950 3.2 12.5 
Hthyl acetate. 04 2. cics cscs 24 800 2.18 SS 
Ethyl alcohol................ 55 700 3.5 19 
Ethyl] chloride............... —58 966 3.7 12.0 
Mtityl there ages. sete cae —49 356 1.85 36.5 
th ylene.'-7; 14. ted: wk eee Gas 842 2.75 28.6 
Ethylene dichloride........... 56 775 6.2 15.9 
Ethylene glycol.............. 232 Tfiass 3.2 
Formaldehyde. <). 7 3.5.00 2.2. 130 806 
RSABOMDG 7 Sint ve ee eae e —50 495 1.3 6 
Us 14) ht eee ee ee ly ed —4 451 1.0 6 
Hexiine see nese ye. ee —15 500 1.2 6.9 
Piydrogen zens. oe 7 doce de ee Gas 1085 4.1 74.2 
Hydrogen sulfide............. Gas 500 4.3 46 
Isopropyl alcohol... .......... 53 750 2.5 
Methane gs in .5 eres - Gas 999 5.3 14.0 
Methy] alcohol............... 52 800 6 36.5 
Methyl chigridé.29.. 0.00.) ce Gas 1170 8.2 19.7 
Methyleyclohexane........... 25 545 1.15 
PEntene; oo... 5 ap cans eee < —40 588 1.45 7 
EPODANGS..; coe Ree Gas 871 2.37 9.5 
FL OMMGH eGo. ik) ts eae 40 1026 1.27 (EAU 
Durpentine<2 0 bs veut eo, 95 464 0.8 
AYIGNG 5 sence les eee 63 900 1 5.3 


re ; ; : : 
Accident Prevention Manual for Industrial Operations,” 2d ed., National Safety 


Council, Ine., Chicago, 1951. 
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POWER SUPPLY AND TRANSMISSION 


The primary sources of raw energy for the supply of power are found in 
the heat of combustion of fuels and in elevated water supplies. Fuel-burn- 
ing plants are of greater industrial significance than hydroelectric installa- 
tions because the physical location of fuel-burning plants is not restricted. 
At the present time, the most common fuels are coal, oil, and gas. How- 
ever, a rapidly developing source of power is nuclear energy, which may 
ultimately replace many of our present power-producing installations. 

In the chemical industries, power is supplied primarily in the form of 
electrical energy. Agitators, pumps, hoists, blowers, compressors, and simi- 
lar equipment are usually operated by electric motors, although other prime 
movers, such as steam engines, internal-combustion engines, and hydraulic 
turbines are sometimes employed. 

When a design engineer is setting up the specifications for a new plant, 
he must decide whether to use purchased power or have the plant set up 
its own power unit. It may be possible to obtain steam for processing and 
heating as a by-product from the self-generation of electricity, and this 
factor may influence the final decision. In any case, power should be 
available to the plant from at least two independent sources to permit 
continued operation of the plant facilities if one of the power sources fails. 

Power can be transmitted in various forms, such as mechanical energy, 
electrical energy, heat energy, and pressure energy. The design engineer 
should recognize the different methods for transmitting power, and he must 
choose the ones best suited to his particular process. 

The transmission of mechanical power must be accomplished in all types 
of industrial processes. Some examples of standard items used industrially 
for the transmission of mechanical power are belts, pulleys, shafts, chain 
drives, ropes, couplings, gear reducers, clutches, and bearings. * 


Electrical Power Transmission 


Although the details of electrical power transmission should be handled 
by an experienced electrical engineer, the chemical engineer needs to specify 
many of the requirements for the electrical power system. In particular, 
the chemical engineer in design work should be acquainted with electrical 
wiring practices and the types and characteristics of electric motors. 

Wiring. All wiring installations should comply with the National Elec- 
trical Code and the National Electrical Safety Code. Conduit wiring, in 
which the wires are passed through metal ducts, is required for most indus- 
trial installations, although open wiring is permitted in some cases when 
no hazardous operations or materials are involved. 


*See W. Staniar, “Plant Engineering Handbook,” McGraw-Hill Book Company, 
Inc., New York, 1950. 
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The minimum size of wire for a particular installation is determined by 
the allowable current-carrying capacity as stipulated in the Electrical Code 
and the regulation (i.e., the voltage drop over the length of the wire ex- 
pressed as per cent of the full-load voltage). Reasonable regulation values 
can vary from 3 per cent for lighting to as high as 10 per cent for motors. 
Table 3 shows allowable current-carrying capacities for various wire sizes. 

If conduiting is not used, the National Safety Code has additional re- 
strictions on wire sizes to make certain the wiring system will have suffi- 
cient span strength. The final decision on size of wire and the layout of a 
wiring system requires consideration of the National Codes, cost of the 
installed wire, cost of energy loss in the wire, possible future changes in 
the load, and other factors related to the purpose of the wiring system. 


TABLE 3. ALLOWABLE CURRENT-CARRYING CAPACITY OF INSULATED CoprpER WIRE 
National Electrical Code 


Allowable current- 
carrying capacity, * 





Wire size, Weight, Resistance, amp 
American | Area, cir Diam- bare, ohms/1000 
(or B. &8.) mils eter, in. lb/ ft at 
gauge no. 1000 ft 20°C Rubber | Varnished- 
insula- cambric 
tion insulation 
18 1,624 0.040 4.9 6.38 5 
16 2,583 0.051 7.8 4.02 6 
14 4,107 0.064 12.4 2.52 15 25 
12 6,530 0.081 19.8 1.59 20 30 
10 10,380 0.102 31.4 0.999 30 40 
8 16,510 0.128 50.0 0.628 40 50 
6 26 , 250 0.162 VOL5 0.395 55 70 
4 41,740 0.204 126 0.248 70 90 
2 66 ,370 0.258 201 0.156 95 120 
1 83 , 690 0.289 253 0.124 110 140 
0 105 , 500 0.325 320 0.0983 125 155 
00 133, 100 0.365 403 0.0779 145 185 
000 167 , 800 0.410 508 0.0618 165 210 
0000 211,600 0.460 641 0.0490 195 235 
500,000 0.815 1520 0.0216 320 405 
1,000,000 | 1.152 3030 0.0108 455 585 


——— ss FS 
* | r > ve j j j 
Allowable current-carrying capacity applies for no more than three conductors in 
one raceway and room temperatures less than 30°C. Greater current is allowed for 
( aa s - . ee * . . . . ’ 
ther insulations and for conductors in open air. Values for wire sizes larger than 0000 
are for stranded wire. 
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Direct-current Motors. The choice of an electric motor depends on 
the type of current available and on the service required. The motor 
service determines the special mechanical features that are necessary, such 
as a construction which makes the motor explosion-proof, submergible 
acid-proof, or moisture-proof. Cost, type and extent of control Wanted: 
operating personnel available, and speed range needed are other factors of 
importance in choosing an electric motor. 

Direct current is preferable to alternating current in many cases because 
of the convenience in adjusting speeds. Shunt-wound motors are commonly 
used when direct current is available. This type of motor can furnish 
nearly constant speed from no load to full load, and the speed can be ad- 
justed by the use of field rheostats or other controls. 

Series and compound-wound motors are used with direct current. Series 
motors are employed when heavy starting torques are required and when 
variable speed is permissible, as long as the high speeds at light loads do 
not exceed the safety limit. The characteristics of the shunt and series 
motors are combined in the compound-wound motor. This type of motor 
will handle a fairly heavy starting torque, and it has the desirable charac- 
teristic of a safe no-load speed. It is particularly useful when there are 
sudden requirements to handle a heavy load for a short time, as in the 
operation of a drill press. Although compound-wound motors can be 
adapted for adjustable-speed applications, they are generally not recom- 
mended for this purpose. 

Alternating-current Motors. The two primary classifications of alter- 
nating-current motors are polyphase and single-phase. Further classifica- 
tion can be made on the basis of motor type, such as series, split-phase 
induction, and repulsion-induction for single-phase motors and induction, 
synchronous, and brush-shifting for polyphase motors. 

Single-phase motors are ordinarily used only in small sizes ranging from 
14 to 10 hp. They are found in many laboratory and pilot-plant installa- 
tions, but they have little utility in commercial plants where polyphase 
power is available and large motors are required. 

Polyphase induction motors of the squirrel-cage type are used extensively 
in the process industries. There are three basic kinds of squirrel-cage in- 
duction motors as indicated in the following: 

1. Low-resistance general-purpose rotor. This type of motor is not ac- 
ceptable when heavy starting torques are required. It has the highest 
efficiency and power factor and the smallest slip of the squirrel-cage motors 
and is, therefore, generally used when the starting torque is adequate. The 
speed remains essentially constant from no load to full load. 

2. High-resistance rotor. This is a special-service motor with high slip. 
It is used when there are periodic heavy loads of short duration or when 
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the service consists essentially of starting and stopping. Because of the 
high slip, the operating speed varies from no load to full load. 

3. High-reactance rotor and double squirrel-cage rotor. These motors 
are used when a high starting torque is required. The double squirrel-cage 
type is particularly useful because of its ruggedness and starting charac- 
teristics. 

Polyphase synchronous motors operate at constant speed from no load to 
full load, and they can be adjusted to give various power factors. In sizes 
up to about 300 hp, induction motors are less expensive than synchronous 
motors. When a large-size motor is selected for constant-speed operation, 
the synchronous motor must be given careful consideration if the power 
factor is of importance and if the starting-torque requirements are not too 
severe. 

If speed adjustment is required, wownd-rotor induction motors or polyphase 
brush-shifting motors can be used. Mudltispeed motors of the squirrel-cage 
induction type can be operated at different speeds by varying the number 
of poles. 


STRUCTURAL DESIGN 


One of the most important aspects in structural design for the process 
industries is correct foundation design with allowances for the heavy equip- 
ment and vibrating machinery used. The purpose of the foundation is to 
distribute the load so that excessive or damaging settling will not occur. 
The type of foundation depends on the load involved and the material on 
which the foundation acts. It is necessary, therefore, to know the charac- 
teristics of the soil at a given plant site before the structural design can be 
started. 

The allowable bearing pressure varies for different types of soils, and the 
soil should be checked at the surface and at various depths to determine 
the bearing characteristics. The allowable bearing pressure for rock is 30 
or more tons/sq ft, while that for soft clay may be as low as 1 ton/sq ft. 
Intermediate values of 4 to 10 tons/sq ft apply for mixtures of gravel 
with sand, hard clay, and hardpan.* 

A foundation may simply be a wall founded on rock or hardpan, or it 
may be necessary to increase the bearing area by the addition of a footing. 
Plain concrete is usually employed for making footings, while reinforced 
concrete, containing steel rods or bars, is commonly used for foundation 
walls. If possible, a foundation should extend below the frost line, and it 
should always be designed to handle the maximum load. 

Maintenance difficulties encountered with floors and roofs should be 


*W. Kent and C. Carmichael, ‘“Kent’s Mechanical Engineers’ H: andbook,”’ 12th ed., 
John Wiley & Sons, Inc., New York, 1953. 
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given particular attention in a structural design. Concrete floors are used 
extensively in the process industries, and special cements and coatings are 
available which make the floors resistant to heat or chemical attack. Flat 
roofs are often specified for industrial structures. Felt saturated with coal- 
tar pitch combined with a coal-tar pitch-gravel finish is satisfactory for 
roofs of this type. Asphalt-saturated felt may be used if the roof has a 
slope of more than 4% in./ft. 

Corrosive effects of the process, cost of construction, and climatic effects 
must be considered when choosing structural materials. Steel and con- 
crete are the materials of construction most commonly used, although wood, 
aluminum, glass blocks, cinder blocks, glazed tile, bricks, and other mate- 
rials are also of importance. Allowances must be made for the type of 
lighting and drainage, and sufficient structural strength must be provided 
to resist normal loads as well as extreme loads due to high winds or other 
natural causes. 

In any type of structural design for the process industries, the function 
of the structure is more important than the form. The style of architec- 
ture should be subordinated to the need for supplying a structure which is 
adapted to the proposed process and has sufficient flexibility to permit 
changes in the future. Although cost is certainly important, the design 
engineer should never forget the fact that the quality of a structure re- 
mains apparent long after the initial cost is forgotten. 


PATENTS 


A patent is essentially a contract between an inventor and the public. 
In consideration of full disclosure of the invention to the public, the 
patentee is given exclusive rights to control the use and practice of the in- 
vention.* A patent gives the holder the power to prevent others from 
using or practicing the invention for a period of 17 years from the date of 
granting. In contrast, trade secrets and certain types of confidential dis- 
closures can receive protection under common-law rights only as long as 
the secret information is not public knowledge. 

A new design should be examined to make certain no patent infringe- 
ments are involved. If the investigation can uncover even one legally ex- 
pired patent covering the details of the proposed process, the method can 
be used with no fear of patent difficulties. Although most large corpora- 
tions have patent attorneys to handle investigations of this type, the de- 
sign engineer can be of considerable assistance in determining if infringe- 

* Patents are available to the general public and can be purchased from the Commis- 
sioner of Patents, Washington 25, D.C., for a fee of $0.25 per patent. Microcard re- 
productions of patents are available in many libraries, 
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ments are involved. A design engineer, therefore, should have a working 
knowledge of the basic practices and principles of patent law.*{ 

Patentable Inventions. A patent may be obtained on any new and 
useful process, machine, method of manufacture, composition of matter, 
or plant, provided it has not been known or used by others before the per- 
son applying for the patent made his invention or discovery. The inven- 
tion must not have been described in a printed publication or been in 
public use or on sale for more than 1 year prior to the patent applica- 
tion. A patentable item must result from the use of creative ability above 
and beyond that which would be expected in the regular work of a person 
skilled in the particular field. Thus, a patentable item cannot be some- 
thing requiring merely mechanical skill, and a patent will not be granted 
for a change in a previously known item or process unless the change in- 
volves something entirely new. 

Patent Applications. A patent application consists of (1) a petition, 
directed to the Commissioner of Patents and requesting the grant of a 
patent, (2) an oath, sworn to before a notary public or other designated 
officer, (3) specifications and claims, in which the claims to be patented 
are indicated along with detailed specifications including drawings and 
other pertinent information, and (4) the filing fee. When the application 
is filed, the patent office gives it a serial number and informs the applicant 
of the number and date of filing. The application is then examined, and, 
after a period of time, the official action on the claim is sent to the appli- 
cant or his attorney. If the official action requires a reply, the applicant 
must respond within 6 months or the application is considered to be 
abandoned. 

In giving the specifications and claims, every effort must be made to 
present a full disclosure. A patent can be declared invalid if it is shown 
that the patentee purposely held back some essential part of the invention. 

A patent application must be signed by the person or persons who made 
the invention. It is seldom advisable, however, for the inventor to handle 
his own application without the assistance of an experienced patent at- 
torney. There are so many legal phases and complex proceedings involved 
in obtaining full patent coverage that competent counsel is practically a 
necessity. ; 

Foreign Patents. A United States patent is enforceable only in the 
United States and its territories. Similarly, patents granted in a foreign 

* Statutes and general rules applying to United States patents are presented in the 
two pamphlets “Patent Laws” and “Rules of Practice of the United States Patent 
Office in Patent Cases,” U.S. Government Printing Office. 

t References of particular interest to chemical engineers are C. H. Biesterfeld, “Pat- 
ent Law for Lawyers, Students, Chemists, and Engineers,” 2d ed., John Wiley & Sons, 


Inc., New York, 1949; J. K. Wise, “Patent Law in the Research Laboratory,” Rein- 
hold Publishing Corporation, New York, 1955. 
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country apply only to that particular country. A patent must be obtained 
in each foreign country where protection of the invention is desired. 

Under the regulations set up by the International Convention for the 
Protection of Industrial Property, an inventor can obtain the benefit of a 
previous foreign filing date provided the application is filed in this country 
within 12 months of the foreign filing date. A statutory requirement for the 
granting of a patent is that it cannot have been patented by the inventor 
or his legal representatives in a foreign country on an application filed 
more than 12 months before being filed in this country. 

Interferences. The situation often arises in which two or more inde- 
pendent patent applications covering essentially the same invention are on 
file in the U.S. Patent Office. When this occurs, a proceeding called an 
interference is instituted to determine who is entitled to the patent. An 
interference may also be instituted between a pending application and a 
granted patent. It is obvious that patents on identical inventions cannot 
be granted to separate parties, even though each may be an original inven- 
tor. Interferences are decided on the basis of priority. The patent is 
granted to the applicant who was first to conceive the idea for the inven- 
tion, providing he exercised reasonable diligence in reducing it to practice. 

Because of the role of priority in any type of interference proceeding, it 
is very important for an inventor to maintain complete records. A written 
description and sketches should be prepared by an inventor as soon as 
possible after the conception of an idea that might eventually be patenta- 
ble. This material should be disclosed to one or more witnesses who should 
indicate in writing that they understand the purpose, method, and struc- 
ture of the invention. The disclosure should be signed and dated by the 
inventor and the witnesses. Similarly, all subsequent work, modifications, 
and new ideas on the process should be recorded in chronological order in 
a permanent file, such as a bound notebook. Each page should be dated 
and signed by the person who makes the entries, and a competent witness 
should periodically examine, sign, and date the notes. 

Infringement. The infringement of a patent may consist of making, 
using, or selling the invention covered by the patent without express per- 
mission of the holders. A contributory infringement involves the assistance 
or cooperation with another in the unauthorized making, using, or selling 
of a patented invention. 

If the infringement is deliberate, the court may award the plaintiff as 
much as three times the actual damages caused the patentee plus three 
times the earned profits. In case the infringement is unintentional or 
innocent, the award to the plaintiff is no more than the actual loss proved. 

Assignment of Patent Rights. A patentee may treat his patent as his 
own personal property, and he has the right to sell it outright or license it 
in any form he desires. Thus, the patent rights can be assigned exclusively 


200 PLANT DESIGN AND ECONOMICS FOR CHEMICAL ENGINEERS 


to one concern, or the assignment of partial rights can be made. The in- 
ventor can be paid by a lump sum, a periodic payment, a per cent of the 
profit, a set amount for each unit produced, or in any other way that is 
agreeable to the parties involved. An assignment on a patent should be 
recorded with the U.S. Patent Office. _ 

Contracts are frequently made between employer and employee in which 
the employee agrees to assign the employer all rights to patents developed 
through the use of the concern’s facilities or information. If no definite 
agreement is made with respect to patent rights, an employer has a free 
and nonexclusive right to use any patented invention or discovery made 
by an employee at the expense of the employer’s time and facilities. ‘This 
is known as shop rights. Legally, the patent belongs to the employee, and 
he may sell the invention to others, but he cannot control in any way the 
shop right of the employer. 


PROBLEMS 


1. Prepare, in the form of a flow sheet, an outline showing the sequence of steps in 
the complete development of a plant for producing formaldehyde. A detailed analysis 
of the points to be considered at each step should be included. The outline should 
take the project from the initial idea to the stage where the plant is in efficient operation. 

2. Using the Chemical Abstracts as a basis, list the original source, title, author, and 
brief abstract of three articles published since 1950 dealing with three different processes 
for producing formaldehyde. 

3. List the major fields which should be considered for plant safety, and discuss the 
responsibilities of the design engineer in each one. 

4. A process for making a single product involves reacting two liquids in a continu- 
ously agitated reactor and distilling the resulting mixture. Unused reactants are recov- 
ered as overhead and are recycled. The product is obtained in sufficiently pure form 
as bottoms from the distillation tower. 

(a) Prepare a qualitative flow sheet for the process, showing all pieces of equipment. 

(6) With cross reference to the qualitative flow sheet, list each piece of equipment 
and tabulate for each the information needed concerning chemicals and the process in 
order to design the equipment. 

5. Prepare a plant layout complete with elevation drawings for the nitric acid unit 
shown in Figs. 10-2 and 10-3. The unit operates at a pressure of 120 psig. Use the 
following sizes: absorption tower, 40 ft high by 5 ft in diameter; cooler condensers, 
each 12 ft long by 2 ft in diameter; converter, 3 ft long by 2 ft in diameter; mixing 
chamber, 5 ft long by 1 ft in diameter; preoxidation chamber, 8 ft long by 3 ft in diam- 
eter; preheater, 10 ft long by 2 ft in diameter; reheater, 16 ft long by 2 ft in diameter: 
all other pieces of equipment except storage tanks are approximately 3 by 3 by 3 ft. 
Indicate location of panel boards, instruments, and control valves. Preheat the enter- 
ing air by using some of the heat from the gases leaving the converter. Indicate how 
the gases leaving the absorption tower might be used for power recovery. 

6. A nomograph for the evaluation of plant locations is presented by D. V. Bierwert 
and F. A. Krone, Chem. Eng., 62(12):191 (1955). Explain how this type of nomograph 
can be used to assist in the choice of a plant location. 
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7. Present drawings comparing the wiring connections used for shunt-wound and 
series-wound direct-current motors. Explain why the speed varies widely with load 
for a series-wound motor but remains essentially constant with a shunt-wound motor. 
Show how speed can be adjusted with a shunt-wound motor. 

8. Obtain a copy of a patent dealing with a chemical process, and outline the claims 
presented in this patent. Indicate the method used for presenting the specifications, 
and explain how the inventor presented proof of his claims. 


CHAPTER 11 


WASTE DISPOSAL AND TREATMENT 


The various waste materials produced by industrial plants may be clas- 
sified in general as solid, gaseous, or liquid. Disposal of solid wastes is 
directly related to the problems of land pollution, while gaseous and liquid 
wastes contribute to air and water pollution, respectively. Although land, 
air, and water pollution are often considered separately, the combined and 
interrelated effects of all three types of pollution should be recognized. 

In the early years of the chemical industry, waste disposal was given 
little attention, and useless products and effluents were disposed of in the 
cheapest and most convenient manner. In recent years, however, local, 
state, and national regulations have forced industrial concerns to put a 
large amount of effort into devising adequate methods for treating and dis- 
posing of their wastes. 

Although waste disposal and treatment are generally considered as a 
branch of sanitary engineering, the chemical engineer cannot ignore the 
subject. In particular, the design engineer cannot afford to overlook the 
need for providing adequate facilities to handle industrial wastes, and he 
should immediately recognize the advisability of segregating sanitary- 
sewage lines from industrial-waste lines. 


METHODS FOR HANDLING WASTE-DISPOSAL PROBLEMS 


Eliminate at Source. The first approach to a waste-disposal problem 
requires careful consideration of the source of the pollution. Sometimes, 
a detailed study will show that the waste problem is due to operating part 
of the plant at overcapacity. During an emergency period, increased pro- 
duction demands can make it necessary to operate at capacities above the 
design values, and there are cases when these high rates are continued 
after the emergency is over. If the pollution problem is caused by opera- 
tion at overcapacity, installation of additional process equipment or re- 
duction in production rate may be cheaper and more effective than adding 
expensive waste-treating facilities. 

A careful check should be made of all locations where wastes could inad- 
vertently enter the sewers or discharge lines. For example, pump glands, 
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pipe joints, relief valves, sloppy operating methods, or even indiscriminate 
dumping of samples down the drain can contribute to waste-disposal diffi- 
culties. 

Recovery of Waste Products. Before deciding how to discard waste 
materials, the engineer should always consider the possibility of recover- 
ing part of the products for reuse or sale. Frequently, a company can 
actually save money by installing recovery facilities rather than expensive 
waste-treating equipment. 

Regulate Waste Flow to Fit Dilution. A large percentage of complaints 
about pollution come after an emergency has forced a sudden release of 
contaminants or during certain seasons of the year, such as late summer, 
when the water supply may be low. A large pond or storage basin can 
serve effectively to store waste products until local conditions will 
permit release of the material with no danger of exceeding pollution 
limits. 

Divert Wastes to Another Discharge Point. Canals or pipelines to 
nearby lakes, quarries, waterways, or other waste receivers can often take 
the load off the local outlet used for waste disposal. In this way, the 
waste product can be distributed so that full advantage is taken of all 
possible facilities for natural waste disposal. 

Waste Treatment. If none of the preceding methods is capable of 
solving a given waste-disposal problem, waste treatment must be used. 
This treatment can be either chemical or physical in nature, depending 
upon the type of waste involved and the amount of removal necessary. 


AIR AND LAND POLLUTION * 


The recent difficulties encountered in the Los Angeles region due to the 
smog problem and the question as to how to dispose of solid and gaseous 
radioactive wastes has focused attention on air and land pollution. Ex- 
tensive efforts have been directed toward controlling the many types of 
materials that contribute to air pollution. Electrostatic precipitators, 
venturi scrubbers, cyclones, sonic agglomerators, scrubbers, washers, and 
many other kinds of equipment and treating methods have been used to 
remove atmospheric contaminants from waste gases. 

Disposal of solid waste materials on land is always complicated by the 
leaching action of surface waters and the possibility of underground-stream 
pollution. Incineration and burying in concrete-encased blocks are pos- 
sible solutions for particularly dangerous wastes, and transportation to 


*P. L. Magill, F. R. Holden, and C. Ackley, “Air Pollution Handbook,” MeGraw- 
Hill] Book Company, Inc., New York, 1956. | ; 

L. G. MeCabe, Air Pollution Review, Ind. Eng. Chem., 46:1646 (1954). 

W. A. Rodger, Radioactive Wastes, Chem. Eng. Progr., 60:263 (1954). 
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uninhabited regions is often accepted as the best solution for disposing of 
other types of solid wastes. 


WATER POLLUTION 


The disposal of liquid industrial wastes and the related aspects of water 
pollution are of major importance in the chemical process industries.* 
Water is considered to be polluted when waste matter is introduced in 
amounts sufficient to make the water unsuitable for domestic supply, in- 
dustrial supply, or proper support and growth of marine life. The com- 
mon causes of pollution and typical contributing industries are presented 
in the following list: 


1, Dissolved inorganic salts 
Chemical plants 
Water-softening plants 
Tanneries 

2. Acids and alkalies 
Chemical plants 
Coal mines 
Steel industry 
Petroleum refineries 

3. Suspended solids 
Breweries 
Distilleries 
Paper mills 

4. Floating matter (oils and greases) 

Laundries 

Packinghouses 

Petroleum refineries 

Oxygen-consuming materials 

Breweries 

Distilleries 

Laundries 

Tanneries 


ou 


*K. B. Besselievre, “Industrial Waste Treatment,” McGraw-Hill Book Company 
Inc., New York, 1952. , 
C. F. Gurnham, ‘Principles of Industrial Waste Treatment,” John Wiley & Sons 
Inc., New York, 1956. f 1 
W. Rudolfs, “Industrial Wastes,” ACS Monograph No. 118, Reinhold Publishing 
Corporation, New York, 1953. 
Symposium on Problems in Stream Pollution, Ind. Eng. Chem., 48 :234-274 (1956). 
‘&B. J. McCabe and W. W. Eckenfelder, “Biological Treatment of Sewage and Indus 
trial Wastes,” Reinhold Publishing Corporation, New York, 1956. 
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6.. Toxic materials 
Atomic-energy plants 
Chemical plants 
Pulp mills 
Electroplating shops 

7. Taste- and odor-producing materials 
Chemical plants 
Petroleum refineries 

8. High-temperature wastes 
Electroplating shops 
Laundries 
Power plants 


Dissolved Inorganic Salts. Addition of soluble calcium and magnesium 
salts to water causes an increase in hardness, with a resultant increase in 
tendency toward scale formation in boilers, condensers, and other heat- 
transfer equipment. If the water is used for domestic supply, any increase 
in hardness is usually undesirable, and excess amounts of anions, such as 
those that would be supplied by soluble chloride or bromide salts, may 
make the water nonpotable and sterilize the growth of organic materials. 
Although chemical methods and concentration methods are effective for 
treating some wastes of this type, the problem is usually handled by dilut- 
ing the waste effluent to an acceptable concentration before the material 
is released to the waterways. 

Acids and Alkalies. The natural alkalinity and the pH of water are re- 
duced by the addition of acids, with a resultant increase in corrosive action 
and a detrimental effect on marine life. As a general observation, delicate 
fish, such as trout, will be adversely affected if the pH of the water is less 
than 5.0, and nearly all types of fish will die if the pH is less than 3.0. At 
the other extreme caused by addition of alkali to water, few fish can exist 
if the pH is greater than 9.0. 

One method for treating acid and alkali waste products is by neutraliza- 
tion with lime or sulfuric acid. Although this method may change the pH 
to the desired level, it does not remove sulfate, chloride, or other ions. The 
possibility of recovering the acid or alkali by distillation, concentration, or 
in the form of a useful salt should always be considered before neutraliza- 
tion or dilution methods are adopted. 

Suspended Solids and Floating Matter. Suspended solids in waste 
streams can occur as fine or colloidal materials, coarse materials that may 
either float or sink, and dispersed settleable solids. Floating solids and 
other floating materials, such as oil and grease, reduce the amount of oxy- 
gen absorbed from the air and can cause the development of anaerobic 
conditions in the water. Aside from the undesirable appearance of floating 
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materials on water, the floating matter may also be a fire hazard or cause 
excessive corrosion and damage to pilings and boat hulls. Suspended 
solids can settle to the bottom of a waterway with resulting damage to 
bottoms marine life, tendency toward anaerobic decomposition, and inter- 
ference with navigation. 

Settling basins, filters, screens, and skimmers can be used to remove 
suspended solids or floating matter from waste effluents. In some cases, a 
flocculating agent, such as alum or ferric chloride, may be needed to permit 
rapid removal of finely divided solids. 

Oxygen-consuming Materials. In the presence of the ordinary bacteria 
found in water, many organic materials will oxidize to form carbon dioxide, 
water, sulfates, and similar materials. This process consumes the oxygen 
dissolved in the water and may cause a depletion of dissolved oxygen. 

Fresh water exposed to the atmosphere at 32°F can dissolve as much as 
14 parts of oxygen per million parts of water. If the dissolved-oxygen con- 
tent drops below 5 ppm, game fish will leave the area and, below 4 ppm, 
most fish will die. At 2 ppm, anaerobic decomposition of organic matter 
begins, with a resultant production of methane, hydrogen sulfide, and other 
foul-smelling materials. 

A measure of the ability of a waste to consume the oxygen dissolved in 
water is known as the biochemical oxygen demand. The biochemical oxy- 
gen demand, or BOD, of a waste is often the primary factor that deter- 
mines its importance as a pollutant. BOD of sewage, sewage effluents, 
polluted waters, or industrial wastes is the oxygen, reported as parts per 
million, consumed during a set time period by bacterial action on the de- 
composable organic matter. 

The standard test for measuring BOD consists of diluting the waste 
sample with a well-aerated dilution water which has been “seeded” with a 
small quantity of sewage bacteria. Several diluted samples and “blanks” 
are sealed from contact with air and are incubated at 20°C for a standard 
length of time, usually 5 days. The amount of dissolved oxygen remaining 
in the samples and the blanks is then determined by an analytical pro- 
cedure, such as the Winkler method. The difference in oxygen content of 
the diluted samples and the blanks is then used to find the amount of 
oxygen consumed by the waste sample, and the result as parts of oxygen 
consumed per million parts of the original waste sample is reported as 
BoD 


Example 1. Measurement of BOD. The following information has been obtained 
during a test for the BOD of a given industrial waste: Fifteen milliliters of the waste 
sample was added to a 300-ml BOD bottle, and the bottle was then filled with standard 
dilution water seeded with sewage organisms. A second 300-ml BOD bottle was filled 


* “Standard Methods for the Examination of Water and Sewage,” 9th ed., American 
Public Health Association, New York, 1946. 
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with the standard dilution water. After 5 days at 20°C, the blank and the diluted waste 
sample were analyzed for dissolved oxygen content by the sodium azide modification of 
the Winkler method. The blank results indicated a dissolved-oxygen content of 8.0 
ppm. The results for the diluted sample showed a dissolved-oxygen content of 3.0 ppm. 
On the basis of the following assumptions, determine the BOD for the waste: Specific 
gravities of the liquids are 1.0; the waste sample contains no dissolved oxygen. 


Solution 


The diluted waste sample contains 15 g of waste and 285 g of dilution water. 


; ; (285)(8) 
Total oxygen available for consumption by waste = —————— 
dy ade oF 1-060 100.5 
. : (300)(3) 
Final tent of diluted le = ————_—_ 
inal oxygen content of diluted sample 1,000,000 g 


(285)(8) __(300)(3) 


oO depletion due to 15-g wast le = 1.000.000 
xygen depletion due to 15-g waste sample 1,000,000 1,000,000 ® 


BOD = oxygen depletion as parts of oxygen consumed per 1,000,000 parts of waste 
_ [ (285)(8) _ _(800)(3) 5 1,000,000 _ 9 
1,000,000 — 1,000,000 Lay 





Nore: The assumption of negligible dissolved oxygen in the waste sample is usually 
adequate for wastes of high BOD. However, a correction may be necessary for weak 
wastes or for stream samples. As an illustration, if the dissolved-oxygen content of 
the waste at the time of sampling had been 1.5 ppm and all other results given in the 
example applied, the BOD for the waste would be 


(285)(8) + (1.5)(15) — (800)(3) _ 
15 


93.5 


Reduction in the BOD of an industrial waste is usually accomplished by 
an aerobic biological oxidation of the organic matter. Frequently, part of 
the organic matter that contributes to the BOD can be removed by the 
simple and direct operations of sedimentation or screening. 

The trickling filter and its variant, the biofilter, are used to reduce BOD 
by biological oxidation. Both of these treating units consist of a large bed 
of stones spread over drainage tiles or other liquid-collecting systems. The 
liquid passes slowly through the stone bed, and bacterial action on the 
organic matter in the presence of oxygen causes a decrease in the BOD. 
The necessary bacteria are present in raw sewage. These bacteria establish 
themselves on the surface of the stones in the form of slimy growths, which, 
in the presence of oxygen, convert the undesirable organic substances into 
simple end products, such as carbon dioxide and water. 

Toxic Materials. The presence of toxic materials, such as cyanides, 
metallic ions, barium chloride, chromic acid, aldehydes, germicides, dye- 
stuffs, and radioactive isotopes, can make water unfit for domestic or in- 
dustrial use. Metallic cyanides in concentrations as low as 0.3 to 0.4 ppm 
will kill fish by violent asphyxiation and will interfere with the digestive 
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systems in sewage-treatment plants. Metallic ions in concentrations 
ereater than | ppm cause pollution, and some metals, such as copper, are 
lethal to fish and act as sterilizing agents in concentrations as low as 0.3 
ppm. 

The heavy metals can be precipitated from wastes by the relatively 
simple process of adjusting the pH to about 8 or 9. If cyanides are present, 
it may be necessary to remove the cyanide ions before the metal will pre- 
cipitate. Cyanides can be removed by chlorination under alkaline condi- 
tions or by conversion to lethal hydrogen cyanide, which can be blown off 
and discharged through tall stacks. The material can also be ponded in a 
leakproof container until the cyanide radical is consumed by oxidation 
and decomposition. Nonlethal ferrocyanide can be formed by treating 
the waste with a large excess of ferrous sulfate. 

Taste- and Odor-producing Materials. Many organic compounds im- 
part a disagreeable taste and odor to water without otherwise making the 
water unfit for domestic or industrial use. Perhaps one of the worst. of- 
fenders of this type is dichlorophenol. The metabolism of a fish does not 
operate effectively to oxidize the phenolic derivatives, and dichlorophenol 
will accumulate in the body cells until the fish is nonpalatable. 

Concentrations as low as 2 parts of dichlorophenol per billion parts of 
water have been prepared and tested as to taste and odor effects. The 
original mixture had no noticeable odor or taste; yet, after live fish were 
kept in the mixture for 2 weeks, the accumulation of dichlorophenol was 
such that the fish had a disagreeable odor and taste. 

High-temperature Wastes. Sudden release of high-temperature wastes 
into waterways may kill sensitive fish in the immediate area. A rise in the 
temperature of a natural stream can cause inconvenience to downstream 
industries using the water as a cooling medium and will always tend to 
reduce the dissolved-oxygen content of the stream. If heat recovery from 
the waste material cannot be accomplished economically, ponding, spray 
systems, or dilution with colder water may be advisable. 


CHAPTER 12 


THE DESIGN REPORT 


A successful engineer must be able to apply theoretical and practical 
principles in the development of ideas and methods, and he must also 
have the ability to express himself clearly and convincingly. During the 
course of a design project, the engineer must prepare many written reports 
in which he explains what he has done and presents his conclusions and 
recommendations. The decision on the advisability of continuing the pro- 
ject may be made on the basis of the material presented in the reports. 
The value of the engineer’s work is measured to a large extent by the re- 
sults given in his written reports and the manner in which these results are 
presented. 

The essential purpose of any report is to pass on information to others. 
A good report writer never forgets the words “to others.” The abilities, 
the functions, and the needs of the reader should be kept in mind con- 
stantly during the preparation of any type of report. Here are some ques- 
tions the writer should ask himself before starting, while writing, and after 
finishing a report: 


What is the purpose of this report? 

Who will read it? 

Why will they read it? 

What is their function? 

What technical level will they understand? 

What background information do they have now? 


The answers to these questions indicate the type of information that 
should be presented, the amount of detail required, and the most satisfac- 
tory method of presentation. 

Types of Reports. The two primary types of reports can be designated 
as formal and informal. Formal reports are often encountered as research, 
development, or design reports. They present the results in considerable 
detail, and the writer is allowed much leeway in choosing the type of 
presentation. Informal reports include memorandums, letters, progress 
notes, survey-type results, and similar items in which the major purpose 
is to present a result without including detailed information. Stereo- 
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typed forms are often used for informal reports, such as those for sales, 
production, calculations, progress, analyses, or summarizing economic 
evaluations. Figures 12-1 through 12-3 present examples of stereotyped 
forms that can be used for presenting the summarized results of economic 
evaluations. 

Although many general rules can be applied to the preparation of re- 
ports, it should be realized that each industrial concern has its own speci- 
fications and regulations. A stereotyped form shows exactly what infor- 
mation is wanted, and detailed instructions are often given for preparing 
other types of informal reports. Many companies have standard outlines 
that must be followed for formal reports. For convenience, certain arbi- 
trary rules of rhetoric and form may be established by a particular con- 
cern. For example, periods may be required after all abbreviations, titles 
of articles may be required for all references, or the use of a set system of 
units or nomenclature may be specified. 


ESTIMATED MANUFACTURING-COST STATEMENT 


ProducGstt. tects. ee eS ee ee 
Basis: Capacity__________. Operating rate 
EN Rindex— Se, Labor rate 


Raw materials 
Operating labor 
Operating supervision 
Maintenance and repairs 
Operating supplies 
Power and utilities 
Royalties 


Taxes (property) 
ist tig ec, Ringe eee ae eee Pam kee Aa ee See LenS 


FIXED CHARGES 
Safety and protection 
Payroll overhead 


Plant superintendence 
General plant overhead 
PLANT-OVERHEAD COST 


By 





I I¢ 12-1 Ex imple of fo =’ { fs et ry mal fs roy 
ort on d oO 
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ESTIMATED CAPITAL-INVESTMENT STATEMENT 


Product. 
Pe OT ae ee ee | ENR index = 


Purchased equipment (delivered) 

Installation of equipment... .... 240: 6.655 nes 
Insulation 
Instrumentation 


Buildings including services 
Yard improvements 
Service facilities 


TOTAL PHYSICAL COST 
Engineering and construction 
DIRECT PLANT COST 
Contractor’s fee 
Contingency 
FIXED-CAPITAL INVESTMENT 
Raw-materials inventory 
Product and in-process inventory...........-.+- 
Accounts receivable 
ee eile et dindia ce caer oh oP Se? 
WORKING CAPITAL 
TOTAL CAPITAL INVESTMENT 


By 





Fic. 12-2. Example of form for an informal summarizing report on capital investment. 
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ESTIMATED INCOME AND RETURN STATEMENT 


Product Sales price 
Basis: Capacity________________. Operating rate 
ENR index Labor rate 








Plant overhead wostesnea a. cay aes eat eee 
FACTORY-MANUFACTURING COSTS............ 
Administrative COsts.odtesn antes s e's ee ates 
Distribution and selling costs................... 
Research and development 
Financing 
CON ERA Ie WEP BINSIS 6 22h torso saree beer 
TOTAL PRODUCT COST 
TOTAL INCOME 
Fixed-capital investment—____________. Working capital 
Total-capital investment____________. Probable accuracy of estimate 
Gross earnings before taxes__________-_- Nett profit after __% taxes 
Annual return on capital before taxes_______% 
Annual return on capital after __% taxes______% 


By 





Fig. 12-3. Example of form for an informal summarizing report on income and return. 


ORGANIZATION OF REPORTS 


The organization of a formal report requires careful sectioning and the 
use of sub headings in order to maintain a clear and effective presentation. * 
To a lesser degree, the same type of sectioning is valuable for informal re- 
ports. The following discussion applies to formal reports, but, by deleting 
or combining appropriate sections, the same principles can be applied to 
the organization of any type of report. 

A complete design report consists of several essentially independent 
parts, with each succeeding part giving greater detail on the design and 
its development. A covering Letter of Transmittal is usually the first item 
in any report. After this come the Title Page, the Table of Contents, and 
an Abstract or Summary of the report. The Body of the report is next, and 
it includes the essential information, presented in the form of discussion, 


*J. R. Nelson, “Writing the Technical Report,” 3d ed., McGraw-Hill Book Com- 
pany, Inc., New York, 1952. 

J. H. Perry, ‘Chemical Business Handbook,” McGraw-Hill Book Company, Ine. 
New York, 1954. , 
B. H. Weil, ‘““The Technical Report,” Reinhold Publishing Corporation, New York 
1954. 
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graphs, tables, and figures. The Appendix, at the end of the report, gives 
detailed information which permits complete verification of the results 
shown in the body. Tables of data, sample calculations, and other supple- 
mentary material are included in the Appendix. A typical outline for a 
design report is as follows: 


III. 


ORGANIZATION OF A DESIGN REPORT 


Letter of transmittal 
A. Indicates why report has been prepared 
B. Gives essential results that have been specifically requested 


. Title page 


A. Includes title of report, name of person to whom report is sub- 
mitted, writer’s name and organization, and date 

Table of contents 

A. Indicates location and title of figures, tables, and all major sections 


. Summary 


A. Briefly presents essential results and conclusions in a clear and 
precise manner 
Body of report 
A. Introduction 
1. Presents a brief discussion to explain what the report is about 
and the reason for the report; no results are included 
B. Previous work 
1. Discusses important results obtained from literature surveys 
and other previous work 
C. Discussion 
1. Outlines method of attack on project 
2. Includes graphs, tables, and figures that are essential for under- 
standing the discussion 
3. Discusses technical matters of importance 
4. Indicates assumptions made and the reasons 
5. Indicates possible sources of error 
6. Gives a general discussion of results and proposed design 
D. Final recommended design with appropriate data 
1. Drawings of proposed design 
a. Qualitative flow sheets 
b. Quantitative flow sheets 
c. Combined-detail flow sheets 
Tables listing equipment and specifications 
Tables giving material and energy balances 
_ Process economies including costs, profits, and return on invest: 


wm OO dO 


ment 
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E. Conclusions and recommendations 
1. Presented in more detail than in Summary 
F. Acknowledgment 
1. Acknowledges important assistance of others who are not listed 
as preparing the report 
G. Table of nomenclature 
1. Sample units should be shown 
H. References to literature (bibliography) 
1. Gives complete identification of literature sources referred to in 
the report 
VI. Appendix 
A. Sample calculations 
1. One example should be presented and explained clearly for each 
type of calculation 
B. Derivation of equations essential to understanding the report but 
not presented in detail in the main body of the report 
Tables of data employed with reference to source 
. Results of laboratory tests 
1. If laboratory tests were used to obtain design data, the experi- 
mental data, apparatus and procedure description, and inter- 
pretation of the results may be included as a special appendix 
to the design report 


SQ 


Letter of Transmittal. The purpose of a letter of transmittal is to 
refer to the original instructions or developments that have made the re- 
port necessary. The letter should be brief, but it can call the reader’s 
attention to certain pertinent sections of the report or give definite results 
which are particularly important. The writer should express any personal 
opinions in the letter of transmittal rather than in the report itself. Per- 
sonal pronouns and an informal business style of writing may be used. 

Title Page and Table of Contents. In addition to the title of the report, 
a title page usually indicates other basic information, such as the name 
and organization of the person (or persons) submitting the report and the 
date of submittal. A table of contents may not be necessary for a short 
report of only six or eight pages, but, for longer reports, it is a convenient 
guide for the reader and indicates the scope of the report. The titles and 
subheadings in the written text should be shown, as well as the appropriate 
page numbers. Indentations can be used to indicate the relationships of 
the various subheadings. A list of tables, figures, and graphs should be 
presented separately at the end of the table of contents. 

Summary. The summary is probably the most important part of a 
report, since it is referred to most frequently and is often the only part of 
the report that is read. Its purpose is to give the reader the entire con- 
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tents of the report in one or two pages. It covers all phases of the design 
project, but it does not go into detail on any particular phase. All state- 
ments must be concise and give a minimum of general qualitative infor- 
mation. The aim of the summary is to present precise quantitative infor- 
mation and final conclusions with no unnecessary details. 

The following outline shows what should be included in a summary: 

1. A statement introducing the reader to the subject matter 

2. What was done and what the report covers 

3. How the final results were obtained 

4. The important results including quantitative information, major con- 
clusions, and recommendations 

An ideal summary can be completed on one typewritten page. If the 
summary must be longer than two pages, it may be advisable to precede 
the summary by an abstract, which merely indicates the subject matter, 
what was done, and a brief statement of the major results. 

Body of the Report. The first section in the body of the report is the 
introduction. It states the purpose and scope of the report and indicates 
why the design project originally appeared to be feasible or necessary. 
The relationship of the information presented in the report to other phases 
of the company’s operations can be covered, and the effects of future de- 
velopments may be worthy of mention. References to previous work can 
be discussed in the introduction, or a separate section can be presented 
dealing with literature-survey results and other previous work. 

A description of the methods used for developing the proposed design is 
presented in the next section under the heading of discussion. Here the 
writer shows the reader the methods used in reaching the final conclusions. 
The validity of the methods must be made apparent, but the writer should 
not present an annoying or distracting amount of detail. Any assumptions 
or limitations on the results should be discussed in this section. 

The next section presents the recommended design, complete with figures 
and tables giving all necessary qualitative and quantitative data. An 
analysis of the cost and profit potential of the proposed process should 
accompany the description of the recommended design. 

The body of a design report often includes a section giving a detailed 
discussion of all conclusions and recommendations. When applicable, sec- 
tions covering acknowledgment, table of nomenclature, and literature refer- 
ences may be added. 

Appendix. In order to make the written part of a report more readable, 
the details of calculation methods, experimental data, reference data, cer- 
tain types of derivations, and similar items are often included as separate 
appendixes to the report. This information is thus available to anyone 
who wishes to make a complete check on the work; yet the descriptive 
part of the report is not made ineffective because of excess information. 
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PREPARING THE REPORT 


The physical process of preparing a report can be divided into the fol- 
lowing steps: 

1. Define the subject matter, scope, and intended audience. 

2. Prepare a skeleton outline and then a detailed outline. 

3. Write the first draft. 

4. Polish and improve the first draft and prepare the final form. 

5. Check the written draft carefully, have the report typed, and proof- 
read the final report. 

In order to accomplish each of these steps successfully, the writer must 
make certain he starts the initial work on the report soon enough to do a 
thorough job and still meet any predetermined deadline date. Many of 
the figures, graphs, and tables, as well as some sections of the report, can 
be prepared while the design work is in progress. 


Presenting the Results 


Accuracy and logic must be maintained throughout any report. The 
writer has a moral responsibility to present his facts accurately, and he 
must not mislead the reader with incorrect or dubious statements. If ap- 
proximations or assumptions are made, their effect on the accuracy of the 
results should be indicated. For example, a preliminary plant design might 
show that the total investment for a proposed plant is $5,500,000. This is 
not necessarily misleading as to the accuracy of the result, since only two 
significant figures are indicated. On the other hand, a proposed invest- 
ment of $5,554,328 is ridiculous, and the reader knows at once that the 
writer did not use any type of logical reasoning in determining the accuracy 
of the results. 

The style of writing in technical reports should be simple and straight- 
forward. Although short sentences are preferred, variation in the sentence 
length is necessary in order to avoid a disjointed staccato effect. The 
presentation must be convincing, but it must also be devoid of distracting 
and unnecessary details. Flowery expressions and technical jargon are 
often misused by technical writers in an attempt to make their writing 
more interesting. Certainly, an elegant or forceful style is sometimes de- 
sirable, but the technical writer must never forget that his major purpose 
is to present information clearly and understandably. 

Subheadings and Paragraphs. The use of effective and well-placed 
subheadings can improve the readability of a report. The sections and 
subheadings follow the logical sequence of the report outline, and they per- 
mit the reader to orient himself and prepare himself for a new subject. 

Paragraphs are used to cover one general thought. A paragraph break, 
however, is not nearly as definite as a subheading. The length of para- 


THE DESIGN REPORT Ble 


graphs can vary over a wide range, but any thought worthy of a separate 
paragraph should require at least two sentences. Long paragraphs are a 
strain on the reader, and the writer who consistently uses paragraphs 
longer than 10 to 12 typed lines will have difficulty in holding his readers’ 
attention. 

Tables. The effective use of tables can save many words, especially 
if quantitative results are involved. Tables are included in the body of 
the report only if they are essential to the understanding of the written 
text. Any type of tabulated data that is not directly related to the dis- 
cussion should be located in the appendix. 

Every table requires a title, and the headings for each column should be 
self-explanatory. If numbers are used, the correct units must be shown in 
the column heading or with the first number in the column. A table 
should never be presented on two pages unless the amount of data makes 
a break absolutely necessary. 

Graphs. In comparison with tables, which present definite numerical 
values, graphs serve to show trends or comparisons. The interpretation 
of results is often simplified for the reader if he can see the tabulated infor- 
mation presented in graphical form. 

If possible, the experimental or calculated points on which a curve is 
based should be shown on the plot. These points can be represented by 
large dots, small circles, squares, triangles, or some other identifying sym- 
bol. The most probable smooth curve can be drawn on the basis of the 
plotted points, or a broken line connecting each point may be more ap- 
propriate. In any case, the curve should not extend through the open 
symbols representing the data points. If extrapolation or interpolation of 
the curve is doubtful, the uncertain region can be designated by a dotted 
or dashed line. 

The ordinate and the abscissa must be labeled clearly, and any nomen- 
clature used should be defined on the graph or in the body of the report. 
If numerical values are presented, the appropriate units are shown imme- 
diately after the labels on the ordinate and abscissa. Restrictions on the 
plotted information should be indicated on the graph itself or with the title. 

The title of the graph must be explicit but not obvious. For example, 
a log-log plot of temperature versus the vapor pressure of pure glycerol 
should not be entitled ‘“Log-Log Plot of Temperature versus Vapor Pres- 
sure for Pure Glycerol.”’ A much better title, although still somewhat ob- 
vious, would be “The Effect of Temperature on the Vapor Pressure of 
Pure Glycerol.” 

Some additional suggestions for the preparation of graphs follow: 

1. The independent or controlled variable should be plotted as the ab- 
scissa, and the variable that is being determined should be plotted as the 


ordinate. 
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2. Permit sufficient space between grid elements to prevent a cluttered 
appearance (ordinarily, two to four grid lines per inch are adequate). 

3. Use coordinate scales that give good proportionment of the curve 
over the entire plot, but do not distort the apparent accuracy of the results. 

4. The values assigned to the grids should permit easy and convenient 
interpolation. 

5. If possible, the label on the vertical axis should be placed in a hori- 
zontal position to permit easier reading. 

6. Unless families of curves are involved, it is advisable to limit the 
number of curves on any one plot to three or less. 

7. The curve should be drawn as the heaviest line on the plot, and the 
coordinate axes should be heavier than the grid lines. 

Illustrations. Flow diagrams, photographs, line drawings of equipment, 
and other types of illustrations may be a necessary part of a report. They 
can be inserted in the body of the text or included in the appendix. Com- 
plete flow diagrams, drawn on oversize paper, and other large drawings are 
often folded and inserted in an envelope at the end of the report. 

References to Literature. The original sources of any literature re- 
ferred to in the report should be listed at the end of the body of the report. 
The references are usually tabulated and numbered in alphabetical order 
on the basis of the first author’s surname, although the listing is occasionally 
based on the order of appearance in the report. 

When a literature reference is cited in the written text, the last name of 
the author is mentioned and the bibliographical identification is shown by 
a raised number after the author’s name or at the end of the sentence. 
An underlined number in parentheses may be used in place of the raised 
number, if desired. 

The bibliography should give the following information: 

1. For journal articles—(a) authors’ names, followed by initials, (b) jour- 
nal, abbreviated to conform to the “List of Periodicals” as established by 
Chemical Abstracts, (c) volume number, (d) issue number, if necessary, 
(e) page numbers, and (f) year (in parentheses). The title of the article 
is usually omitted. Issue number is omitted if paging is on a yearly basis. 
The date is sometimes included with the year in place of the issue number. 


Amos, J. L., and Roche, A. F., Ind. Eng. Chem. 
47:2441-2444 (1955). 
Cannon, M. R., Oil Gas J., 54:68 (Jan. roy LYSE). 


Skiba, E. J., Chem. Eng., 61(12):182-6 (1954). 


’ 


2. For single publications, as books, theses, or pamphlets (a) authors’ 
names, followed by initials, (6) title (in quotation marks), (c) edition (if 
more than one has appeared), (d) volume (if there is more than one), 
(e) publisher, (f) place of publication, and (g) year of publication. The 
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chapter or page number is often listed just before the publisher’s name. 
Titles of theses are often omitted. 


Nelson, J. R., "Writing the Technical Report," 3d 
ed., p. 284, McGraw-Hill Book Company, Inc., New 
Tore, + 19a. 

Perkins, A. S., M.S. Thesis in Chem. Eng., Univ. of 
Pinot. UEvane. ll, 195o. 


3. For unknown or unnamed authors—(a) alphabetize by the journal or 
organization publishing the information. 


Chem. Eng., 61(12):132 (1954). 


4. For patents—(a) patentees’ names, followed by initials, and assignee 
(if any) in parentheses, (b) country granting patent and number, and 
(c) date issued (in parentheses). 


Froyan, J. H. (to Phillips Petroleum Co.), U.S. 
Parent rc, blo volo, (OCL.. ol, 1952) . 


5. For unpublished information—(a) “‘in press’’ means formally accepted 
for publication by the indicated journal or publisher; (b) the use of “private 
communication” and ‘‘unpublished data” is not recommended unless ab- 
solutely necessary, since the reader may find it impossible to locate the 
original material. 


ireyoal, H.-n.,,ind, Eng. Chem., in “press. (1955). 


Sample Calculations. The general method used in developing the pro- 
posed design is discussed in the body of the report, but detailed calculation 
methods are not presented in this section. Instead, sample calculations 
are given in the appendix. One example should be shown for each type of 
calculation, and sufficient detail must be included to permit the reader to 
follow each step. The particular conditions chosen for the sample calcu- 
lations must be designated. The data on which the calculations are based 
should be listed in detail at the beginning of the section, even though these 
same data may be available through reference to one of the tables pre- 
sented with the report. 

Mechanical Details. The final report should be submitted in a neat 
and businesslike form. Formal reports are usually bound with a heavy 
cover, and the information shown on the title page is repeated on the 
cover. If paper fasteners are used for binding in a folder, the pages should 
be attached only to the back cover. 

The report should be typed on a good grade of paper with a margin of 
at least 1 in. on all sides. Normally, only one side of the page is used 
and all material, except the letter of transmittal, footnotes, and long quota- 
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tions, is double-spaced. Starting with the summary, all pages, including 
eraphs, illustrations, and tables, should be numbered in sequence. 

Written material on graphs and illustrations may be typed or lettered 
neatly in ink. If hand lettering is required, best results are obtained with 
an instrument such as a LeRoy or Wrico guide. 

Short equations can sometimes be included directly in the written text 
if the equation is not numbered. In general, however, equations are 
centered on the page and given a separate line, with the equation number 
appearing at the right-hand margin of the page. Explanation of the sym- 
bols used can be presented immediately following the equation. 

Proofreading and Checking. Before final submittal, the completed 
report should be read carefully and checked for typographical errors, con- 
sistency of data quoted in the text with those presented in tables and 
graphs, grammatical errors, spelling errors, and similar obvious mistakes. 
If excessive corrections or changes are necessary, the appearance of the 
report must be considered and some sections may need to be retyped. 

Nomenclature. If many different symbols are used repeatedly through- 
out a report, a table of nomenclature, showing the symbols, meanings, and 
sample units, should be included in the report. Each symbol can be defined 
when it first appears in the written text. If this is not done, a reference 
to the table of nomenclature should be given with the first equation. 

Ordinarily, the same symbol is used for a given physical quantity re- 
gardless of its units. Subscripts, superscripts, and lower- and upper-case 
letters can be employed to give special meanings. The nomenclature 
should be consistent with common usage (a list of reeommended symbols 
for chemical engineering quantities is presented in Table 1 *). 


TasLe 1. Lerrer SymBots ror CHEMICAL ENGINEERING 


Item Symbol Sample units (English system) 
General 
Acceleration............. a (ft/sec) /see 
Acceleration of gravity... g (ft/sec) /see 
ACUVIEV eh covet sates a 
Activity coefficient. ...... y (gamma) 
ANPIGs eee ste eae a (alpha), @ (theta), degrees, radians 
¢ (phi) 
BYORI aasietiied s aeccerk ce A,S sq ft 
Base of natural logarithms e 
Breadth, width.......... b ft 
Coefficient, in general..... C 
Coefficient of linear expan- 
Ny cy. 4 ee e (alpha) (ft/ft) /°F 


The nomenclature presented in Table 1 is consistent with the recommendations 
of the American Standards Association’s “Letter Symbols for Chemical Engineering,” 
r . C ’ e ’ 
Z10.12—1946. See M. Souders, Chem. Eng. Progr., 52:255 (1956). 
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Tasie 1. Lerrer SymMBous ror CHEMICAL ENGINEERING (Continued) 


Item Symbol. Sample units (English system) 

Coefficient of volumetric 

PRTTIMIOT Ls «cso wie x ae 4 B (beta) (cu ft/cu ft)/°F 
Compressibility factor.... z PV (RT 
Concentration, volumetric c Ib/eu ft or Ib mole/cu ft 
Conversion factor in New- 

ton’s law of motion..... Ie (ft)(Ib mass) /(sec)(see)(Ib force) 
Bross section, . <4. 550... S, A sq ft 
UT oe ee p (rho) Ib/cu ft 
DR ATAUCR see vc ses 0 kk s's's D ft 
Difference, finite......... A (capital delta) 
Differential operator...... d 
Diffusivity, thermal...... @ (alpha) sq ft/hr 
Diffusivity of vapor...... D, sq ft/hr 
RUIEIGIENICY wietere a ,c'2ce sus. s10- n (eta) 
Energy in general........ E Btu, Btu/lb mole 
PMIUAIIV EN, is sce Secs oe H Btu, Btu/lb mole 
Enthalpy, per unit weight h, 7 Btu/lb 
OUD S Btu/°R, Btu/(lb mole)(°R) 
Entropy, per unit weight.. s Btu/(Ib)(°R) 
RATHBONE. Sciccleve civ w sie 1/u (sec)(ft) /Ib 
Force, total load......... PF lb force 
Free energy, Gibbs....... Cr (H — TS), Btu, Btu/Ib mole 
Free energy, Helmholtz... A (U — TS) Btu, Btu/lb mole 
Eh ee oe f lb force/sq ft. atm 
IUIEUUEOTI iseicliceet tioe x es ¢, ¥, x (phi, psi, chi) 
Gas constant, universal... R (Ib force/sq ft)(cu ft)/(b mole)(°R) 
Internal energy.......... U Btu, Btu/lb mole 
Internal energy, per unit 

VMS ss ad oie 0 ee ao iz u Btu/Ib 
Latent heat of vaporization \ (lambda), hy, Btu/Ib 
PT etal ta he'd edie wi sis L ft 
OE ae ae ee m Ib 
Mechanical equivalent of 

eatin eee ce iets. c x aks of (ft)(Ib force) /Btu 
Molecular weight........ M lb 
Moment of inertia....... I (Ib mass)(ft)?, also (ft)4 
OS ee ee ree FP (ft)(Ib force) /sec 
PPO... ced dus a vio aiseess p lb force/sq ft, atm 
Quantity of matter, weight W Ib 
“CAMS ails tier, See AE eae r ft 
Rate of rotation......... n rev/min 
RNS SETAE US recs 50 ale w (omega) 
Bangitie heat: sp. aves serie e dimensionless or Btu/(Ib)(°F) 
Specific heat at constant 


dimensionless or Btu/(Ib)(°F) 
Specific heat at constant 

WOME oo oa eds 9 0% Cy dimensionless or Btu/(lb)(°F) 
Specific heats ratio of.... k, « (kappa), ¥ Cp/c 
(gamma) 
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Taste 1. Lerrer SymMBo.ts ror CuemicaL ENGINEERING (Continued) 


Item 
Specific volume.......... v 
Surface per unit volume.. a 
Surface tension.......... o (sigma) 
Temperature............ t 
Temperature, absolute.... 7 
Thermal conductivity.... k 
Time Seen eee ea ee t, r (tau), @ (theta) 
Velocity, angular......... w (omega) 
Viscosity, absolute. ...... pw (mu) 
Viscosity, kinematic...... v (nu) 
Volume, total or per mole V 
WOES eee oo ae oe Ww 
Work, external......«... We 


C1 SMA Crore ea oat C 
Depth natnee ee oe y 
Distance above datum 

DANG G71 aur Cages Z 
Distance in direction of 

HOW ee ieee Coe es x 


Friction, in energy balance F 
Friction factor, Fanning. . f 


Hydraulic radius......... Rua 
Mass flow rate........... w 
Mass velocity: .i.c¢.. 05. G 


Rate of flow, volumetric. . ¢ 
Tractive force per unit area 7 (tau) 


Velocity, acoustic........ Va, ¢ 
Velocity, average........ ie 
Velocity, local........... u 


Weight rate of flow per unit 


OL Drendtiizc una oeaes T (capital gamma) 


Sample units (English system) 


cu ft/lb 

sq ft/cu ft 

lb force /ft 

ol is 

evs oK 
Btu/(hr)(sq ft)(°F/ft) 
sec, hr 

radians/sec 
Ib/(sec)(ft) 

sq ft/sec 

cu ft, cu ft/lb mole 
Btu, (ft)(Ib force) 
Btu, (ft)(Ib force) 


Flow of Fluids 


ft 
ft 


ft 

(ft)(Ib force) /Ib mass 
(F = 2{V*L/g-D) 
ft, sq ft/ft 

lb/hr 

Ib/(hr)(sq ft) 

cu ft/hr 

Ib force/sq ft 
ft/sec 

ft/sec 

ft/sec 


Ib/(hr)(ft), lb/(sec) (ft) 


Heat Transmission 


Absorptivity (for radiation) «@ (alpha) 


Coefficient of heat transfer, 
IGA VICUALS a.m sei el h 
Conductance eee Lite G. 


Emissivity (for radiation) ¢ (epsilon) 


Film thickness, effective. . B 


Fraction by volume...... Ly 
Fraction by weight....... Tip 
Heat-transfer coefficient, 
GEIB «524 sats ole once U 
Heat-transfer factor. ..... ] 
Quantity of heat trans- 
PORUCT sop. al ces ne nies Q 


Btu/(hr)(sq ft)(°F) 
Btu/(hr)(°F) 


ft 


Btu/(hr)(sq ft)(°F) 
(h/cG@)(cu/k) 


Btu 
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TaB_e 1. Lerrer SymMBois ror CHEMICAL ENGINEERING (Continued) 


Item Symbol Sample units (English system) 

Radiation, intensity of.... N Btu/(hr)(sq ft) 
Rate of heat transfer..... q Btu/hr 
Resistance, thermal...... R °F /(Btu/hr) 
Stefan-Boltzmann constant o (sigma) 
Unit conductance........ 1/RA Btu/(hr)(sq ft)(°F) 

Evaporation, Humidification, and Dehumidification 
Pete! REA Tiw sa ales oo are Cs Btu/(lb dry air)(°F) 
Humid volume.......... vH cu ft/lb dry air 
PACITY. 24 Sag os wakes. 4 H Ib/Ib dry air 
Percentage humidity..... Hp 
Relative humidity........ Hr 


Gas Absorption and Extraction 


Height of transfer unit, 


REET este ten Aecthee, 5 0% Hi, Zt ft 
Henry’s law constant, c/p H (Ib moles/cu ft) /atm 
Mass transfer coefficient, 
NG VACUA eis k lb moles/(hr)(sq ft)(atm) 
Cee IN Mh Sh She 53 ke lb moles/(hr)(sq ft)(atm) 
Daquid Blt)... F nae s ky lb moles/(hr)(sq ft)(Ib mole/cu ft) 
Mass transfer coefficient, 
OVGONL os tbe ses K Ib moles/(hr)(sq ft)(atm) 
On gas-film basis...... Ke Ib moles/(hr)(sq ft)(atm) 
On liquid-film basis.... Ax Ib moles/(hr)(sq ft)(Ib mole/cu ft) 
Mass velocity of liquid... L Ib/(hr)(sq ft) ; 
Mole fraction, in liquid... z 


Mole fraction, in vapor... y 
Mole fraction in vapor, 


equilibrium value...... y* 
Mole ratio, in liquid...... x 
Mole ratio, in vapor...... bg 
Rate of transfer.......... N lb moles/hr 
Slope of equilibrium curve m dy*/dx 
“Transfer units,’ number 
(ine, SoS Oe TORS RCT N; 
Distillation 
Deesiiliste TAs a5 6 oe ese: D Ib moles/hr 
Entrainment ratio........ E Ib/lb, Ib moles/Ib mole 
Equilibrium constant, 
ope BB. oc ass cso nans 1 Oe See 
Wadd THB. cc acs cee y oss F lb moles/hr 
Height equivalent to a the- 
oretical plate, “HETP” Hp ft 
Liquid rate......++++++++ L Ib moles/hr 
Above feed.......-.--. Ln Ib moles/hr 
Below feed......+«-++. Lm Ib moles/hr 


Plates, number of........ Np 
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Lerrer SYMBOLS ror CHEMICAL ENGINEERING (Continued) 


TABLE 1. 
Item Symbol Sample units (English system) 
Relux rato sees er R Use Rp for L/D, and Ry for L/V 
Relative volatility........ a (alpha) aap = (ya*/ra)/(yB*/rp) 


Residue, waste, bottoms.. W, B 
Thermal condition of feed q 


Ib moles/hr 


Wapon rate. cee ee en iee V Ib moles/hr 
Above feed........... Vn lb moles/hr 
Below feed............ Vn Ib moles/hr 

Drying 

Equilibrium moisture con- 

TenbGn.ntoscg cies eee Tr Ib/lb 
Free moisture content. ... W Ib/Ib 
Production rate... ..27... R lb/hr 

Filtration 


Equivalent resistance of 


Bloth yee eae Cee r 
Exponent of compressibil- 
ity of takegwrn< totes 8 


Specific cake resistance. . . 


@ (alpha) 


Engineering Economics 


Capitalized cost.......... K $ 
Cost, in general.......... Cle $, $/yr, $/unit 
Declining-balance factor. . f 
Depreciation. ........... d $/yr 
HERGGUCOS US mere ene Cr $/yr 
Interest Tate. sec ent 22 z 
Periodic payments in an 

ordinary annuity....... R $/period 
Principal or present value P $ 
PerVvice: MGs... smn n yr 
Walue asset.” Av. eek Va $ 
Valttes Original <5... 2 V $ 
Velie, salvage <o.8, .i< can V, $ 


Dimensionless Numbers Used in Chemical Engineering 


Condensation number. ... Neo (h/k)(u?/p?g)"* 
Froude number.......... Nrr V?/gD 
Graetz number. ......... Nez we/kL 
Grashof number......... Ner L¥p?Bg At/u2 
Mach number........... NMa VaIVe 
Nusselt number.......... Nnu hD/k 

Peclet number... ..... .. Npe DV pc/k 
Prandtl number.......... Np, cu/k 
Reynolds number........ Nre DV p/u 
Schmidt number......... Ne u/pDy 
Stanton number......... Ns h/cVp 
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Time and space can be saved by the use of abbrevia- 


tions, but the writer must be certain the reader knows what is meant. 
Unless the abbreviation is standard, the meaning should be explained the 


first time it is used. 
use of abbreviations: 


The following rules are generally applicable for the 


1. Abbreviations are acceptable in tables, graphs, and illustrations when 
space limitations make them desirable. 

2. Abbreviations are normally acceptable in the text only when preceded 
by a number [3 ft/sec (three feet per second)]. 

3. Periods may be omitted after abbreviations for common scientific and 
engineering terms, except when the abbreviation forms another word (e.g., 


in. for inch). 


4. The plural of an abbreviation is the same as the singular (pounds—lb). 
5. The abbreviation for a noun derived from a verb is formed by adding 


n (concentration—concn). 


6. The abbreviation for the past tense is formed by adding d (concen- 


trated—coned). 


7. The abbreviation for the participle is formed by adding g (concen- 


trating—concg). 


Examples of accepted abbreviations are shown in Table 2. 


TABLE 2. AccEPTED ABBREVIATIONS 


American Chemical Society........ 
American Institute of Chemical 
BINGE Aas ae eat AIChE 


American Iron and Steel Institute AISI 
American Petroleum Institute...... API 
American Society of Mechanical 
Bmginieete AF Sse xt Shae s+ ASME 
American Society for Testing 
AULT ial Septem ite seeley wis. ASTM 
American wire gauge............. AWG 
RRPIDOMO Fords 5 sts ves Es Soe amp 
PEMORULON Ss. Mo as keds eee) Bess ers oH A. 
Varies) 6) cla: a atm 
A WGPREO | cae e ayes okies lc hs 2 prin cat avg 
Perera sae hs hes kde tele bbl 
DES Tan Ce occa re eer okra Bé 
Biochemical oxygen demand...... BOD 
Boalitig PON. Sy <5 eee ee re wees bp 
ReevEteNaT as ols oie aes het werd ea scale, Puig -9-e btms 
British thermal unit............... Btu 
Brown and Sharpe gauge number... B&S 
th 0S Ne ee ce tine Sat a cal 
Par cap. 


CMRIACELY 5. os ree ee pe ees 


Gatalyiicete.. eon oe Saher cat. 
Contigrndé.d. aces eee eit C 
Canmtivrarnin. 0.2 en 2 -eudes ota ee eg 
Centimeterk. tires erie paneer cm 
KEI ELOISE I tiresns cs iy ie ale ak ate cp 
@entistoke caer states eet ae cs 
Whemicall ve puree. 1st een CP 
@oncentrite aes heehee conc 
Critical? reetuk ene ent: Stasis erit 
Grilles (care aks Beye ke Ene Ra eric ee Aa cu 
@ubie centimeter. ene ce 
Gubie (d0ben ve aane desea cu ft or ft? 
Cubic foot per minute............. cfm 
Cubic foot! per second ysis. exe mahee cfs 


3 


G@ubiouneheeacewtc ane cu in. or in. 


Diget obey scien deat tose toe ees deg or ° 
DigimneteracAcn ores Lee ere diam 
LUTE an coe one tes Ferree oras dil 
Distiulior- distillates. come eens dist 
| hibteteVieere) Grey aee at Neen hee eff 
Blectromotive Once. «...6 oe es ec emf 
HiuiVvOlGR byes ejgticle ese se EAs «8 equiv 
Hoflng) Mints oie ct ek ie ake a hen lg 3 Et 
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Eanoratecn suviedun Sol peretesdeetc erat evap 
Be OOri Ment ia Fz csc ie rsteia reir a sees expt 
Heeperimental igs «604 ental ales exptl 
Bxtraetsteesnatwa tes pee ree ext 
Feet per minute......... fpm or ft/min 
ISON so er eee ee ie ere fig. 
NOOO ae attrac be ose Ne as Ari eat Be A eres ft 
Hog DOUG anche Riad gee Aitice er ft-lb 
PRE MY Satu & & edokhis oon eR ke gal 
Gallons per minute..... gpm or gal/min 
CAPRA a oe i ita ae ek spell out 
Gram . gm (sometimes g) or spell out 


Height equivalent to a theoretical 


DIRLSE AD eotmaise ess) Male HETP 
Height of a transfer unit.......... HTU 
Horsenowebt neler eee oy. ee oe hp 
PIGUI sana GaGa A oe ie ee hr 
Hundredweight (100 Ib)............ ewt 
PERCU eta ay age oes Fa eee, ae in. 
Inside diameter.............. ID or id. 
Lnsnubleswaccns. 2 ee le eae insol 
ISUG PRIN Gs ay Chom Ree tak, ae kg 
Floater tnt ia eee ee km 
FRI COUR toy cen a Cale lscem eae kv 
Pla Wain erik ot alia ue ee kw 
Kilowatt-hours is. oo. 05060600... -v- kwhr 
BOUVUE rting okie ke a see ee ae liq 
ADE a acacia Neen eos 1 or spell out 
Logarithm (base 10)............... log 
Logarithm (base e)................. In 
Masia ascension ee max 
WLGICIE DOIN: Anew it ovate sen oe ae mp 
DVL BTOR Fin ioe ly shataeacte vice ce m 
NIGH VIEL ata blouse eee Me 
WLieron wisn oy ke wor mu 
1 eee Og TaN ak ae am mi 
Piles per Hour’; . eee one mph 
Vl ash pare sts,-4a5 0 eer ee ma 
Million electron volts............. mev 
VEITV OL bs ists. oon: se Rae mv 
VEDIC tyra ner i ae oe min 
Moleculatics.iis, - oes oh eee mol 


Ounces ee eee ee OZ 
Outside diameter........... OD or o.d. 
Overhead oe ee ee ee ovhd 
Page sso oi coy ths eek od ee ee eee p 
PROG K ania & ace ere eee pp 
Parte: per million. es. afer meee ppm 
Pitt OR Ae eo hong Ue. Oe ee pt 
Pound? acoder ae ee eee lb 
Pound centigrade unit............. Peu 


Pounds per cubic foot. . Ib/cu ft or lb/ft? 
Pounds per square foot. . lb/sq ft or lb/ft? 


Pounds per square inch............. psi 
Pounds per square inch absolute.... psia 
Pounds per square inch gauge. ..... psig 
QUATia cba eee na A ee qt 
Refractive index............... RI or n 
Revolutions per minute............ rpm 
Saybolt Universal seconds......... SUS 
BecOlia., .2u6 acct ease ne eee sec 
Society of Automotive Engineers... SAE 
Soluble. ca" ius Fear nek eee sol 
Solition cpus cue san oe eee soln 
Specifie gravity. pcr ot ccnd oul ee sp gr 
Specie heat fis oe ps eee sp ht 
SQUETS rate 5 hain: ie a eee sq 
Square feot..1c 4... oa anes sq ft or ft? 
SLSNGRN et eee ee ee ee std 
Standard temperature and pressure STP 
LBD eh teh cate aetna eee eee ee tk 
echnical). cc. a5, coe oo eee tech 
Lemiperaturess: ee. a hee eee temp 
Tetraethy] lead ..%..3..,......... TEL 
“Chousand 3.2.72 ce tee eee ee M 
LOIny Asn gare a menace ae ae ae spell out 
Tubular Exchangers Manu- 

facturers Association......... TEMA 
Voli gota eek sau cons Se ee Vv 
Volt-ampere: <5 oe) oes ee va 
VOMURG hme eae een, vol 
NVSLUED. 2k 446. a en ee W 
NVR GUE rsp then, wane, doe ie cee whr 
Weta let 0 Cont eal, oe cera ee wt 
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RHETORIC 


Correct grammar, punctuation, and style of writing are obvious require- 
ments for any report. Many engineers, however, submit unimpressive re- 
ports because they do not concern themselves with the formal style of 
writing required in technical reports. This section deals with some of the 
restrictions placed on formal writing and presents a discussion of common 
errors. * 

Personal Pronouns. The use of personal pronouns should be avoided 
in technical writing. Many writers eliminate the use of personal pronouns 
by resorting to the passive voice. This is certainly acceptable, but, when 
applicable, the active voice gives the writing a less stilted style. For ex- 
ample, instead of saying ‘‘We designed the absorption tower on the basis 


of ... ,’’ a more acceptable form would be “The absorption tower was 
designed on the basis of . . .”’ or ‘“The basis for the absorption-tower de- 
sign was... .” 


The pronoun ‘‘one” is sometimes used in technical writing. In formal 
writing, however, it should be avoided or, at most, employed only occa- 
sionally. 

Tenses. Both past and present tenses are commonly used in report 
writing; however, tenses should not be switched in one paragraph or in one 
section unless the meaning of the written material requires the change. 
General truths that are not limited by time are stated in the present tense, 
while references to a particular event in the past are reported in the past 
tense (e.g., “The specific gravity of mercury is 13.6.” “The experiment 
was performed . . .”’). 

Diction. Contractions such as ‘“‘don’t’’ and ‘‘can’t”’ are seldom used in 
technical writing, and informal or colloquial words should be avoided. 
Humorous or witty statements are out of place in a technical report, even 
though the writer may feel they are justified because they can stimulate 
interest. Too often, the reader will be devoid of a sense of humor, par- 
ticularly when he is involved in the serious business of digesting the con- 
tents of a technical report. A good report is made interesting by clarity 
of expression, skillful organization, and the significance of its contents. 

Singular and Plural. Many writers have difficulty in determining if a 
verb should be singular or plural. This is especially true when a qualifying 
phrase separates the subject and its verb. For example, ‘‘A complete list 
of the results 7s (not are) given in the appendix.” 

Certain nouns, such as “number,” “none,” and “series,” can be either sin- 
gular or plural. As a general rule, the verb should be singular if the subject 
is viewed as a unit (“The number of engineers in the United States 7s in- 

* J. M. Kierzek, “The Macmillan Handbook of English,” rev. ed., The Macmillan 
Company, New York, 1947. 
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creasing”) and plural if the things involved are considered separately (“A 
number of the men are dissatisfied”). Similarly, the following sentences 
are correct: “Thirty thousand gallons was produced in two hours.” “The 
tests show that 78 batches were run at the wrong temperature.”’ 

Dangling Modifiers. The technical writer should avoid dangling modi- 
fiers that cannot be associated directly with the words they modify. For 
example, the sentence ‘Finding the results were inconclusive, the project 
was abandoned” could be rewritten correctly as ‘“‘Finding the results were 
inconclusive, the investigators abandoned the project.” 

Poor construction caused by dangling modifiers often arises from reten- 
tion of the personal viewpoint, even though personal pronouns are elimi- 
nated. The writer should analyze his work carefully and make certain the 
association between a modifying phrase and the words referred to is clear. 

Compound Adjectives. Nouns are often used as adjectives in scientific 
writing. This practice is acceptable; however, the writer must use it in 
moderation. A sentence including ‘‘a centrally located natural gas produc- 
tion plant site is. . .”’ should certainly be revised. Prepositional clauses 
are often used to eliminate a series of compound adjectives. 

Hyphens are employed to connect words that are compounded into ad- 
jectives—for example, ‘‘a hot-wire anemometer,”’ ‘‘a high-pressure line’’— 
but no hyphen appears in “‘a highly sensitive element.”’ 

Split Infinitives. Split infinitives are acceptable in some types of writing, 
but they should be avoided in technical reports. A split infinitive bothers 
many readers, and it frequently results in misplaced emphasis. Instead of 
“The supervisor intended to carefully check the data,” the sentence should 
be “The supervisor intended to check the data carefully.” 

That—Which. Many technical writers tend to overwork the word 
that. Substitution of the word which for that is often acceptable, even 
though a strict grammatical interpretation would require repetition of that. 
The general distinction between the pronouns ‘that’? and “‘which’’ can be 
stated as follows: That is used when the clause it introduces is necessary 
to define the meaning of its antecedent; which introduces some additional 
or incidental information. 


Comments on Common Errors 


The word data is usually plural. Say ‘data are,” not ‘data is.” 
“Balance” should not be used when ‘‘remainder’’ is meant. 
Use “‘different from” instead of “different than.”’ 

4. The word “farther” refers to distance, and “further” indicates “in 
addition to,” 

5. “Affect,” as a verb, means ‘‘to influence.”’ It should never be con- 
fused with the noun “effect,” which means “‘result.”’ 

6. “Due to” should be avoided when “because of” can be used. 


ra 
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Th ce ”) 2 
fi Use fewer” when referring to numbers and “less”? when referring to 
quantity or degree. 


CHECK LIST FOR THE FINAL REPORT 


Before submitting the final draft, the writer should make a critical 
analysis of his report. Following is a list of questions the writer should 
ask himself when he evaluates the report. These questions cover the im- 
portant considerations in report writing, and they can serve as a guide for 
both experienced and inexperienced writers. 

1. Does the report fulfill its purpose? 

Will it be understandable to the principal readers? 
Does the report attempt to cover too broad a subject? 
. Is sufficient information presented? 

Is too much detail included in the body of the report? 
Are the objectives stated clearly? 

Is the reason for the report indicated? 

8. Is the summary concise? Is it clear? Does it give the important 
results, conclusions, and recommendations? Is it a true summary of the 
entire report? 

9. Is there an adequate description of the work done? 

10. Are the important assumptions and the degree of accuracy indicated? 

11. Are the conclusions and recommendations valid? 

12. Are sufficient data included to support the conclusions and recom- 
mendations? 

13. Have previous data and earlier studies in the field been considered? 

14. Is the report well organized? 

15. Is the style of writing readable and interesting? 

16. Has the manuscript been rewritten and edited ruthlessly? 

17. Is the appendix complete? 

18. Are tables, graphs, and illustrations presented in a neat, readable, 
and organized form? Is all necessary information shown? 

19. Has the report been proofread? Are pages, tables, and figures num- 


bered correctly? 
20. Is the report ready for submittal on time? 


pe ae he 


MED 


PROBLEMS 


1. Prepare a skeleton outline and a detailed outline for a final report on the detailed- 
estimate design of a distillation unit. The unit is to be used for recovering methanol 
from a by-product containing water and methanol. In the past, this by-product has 
been sold to another concern, but the head of the engineering-development group feels 


that the recovery should be accomplished at his own plant. The report will be examined 
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by the head of the engineering-development group and will then be submitted to the 
plant management for final approval. 
2. List ten words you often misspell and five grammatical errors you occasionally 


make in formal writing. 


eal the following sentences: 
3. “Using the mass transfer coefficients and other physical data, Schmidt and Nusselt 


Mighbers were calculated for each experiment.” 

4. ‘The excellent agreement between the experimental and Fiehretien! values sub- 
stantiate the validity of the assumptions.” 

5. ‘This property makes the packing more efficient than any packing.” 

6. ‘He is an engineer with good theoretical training and acquainted with industrial 
problems.” 

7. “Wrought iron is equally as good as stainless steel because no temperatures will 
be used at above 70°F.” 

8. “The pressure has got to be maintained constant or the tank will not empty out 


at a constant rate.” 


Interpret, rewrite, and improve the following: 

9. “The purchasing division has contracted with the X Chemical Company to sup- 
ply 20,000 Ib of chemical A which corresponds closely to the specifications presented 
and 10,000 Ib of chemical E.’’ 

10. “A more rigorous derivation would be extremely complicated and would hardly 
be justified in view of the uncertainties existing with respect to basic information neces- 
sary for practical applications of the results.” 

11. “An important factor in relation to safety precautions is first and foremost giv- 
ing to workmen some kind of a clear and definite instruction along the line of not com- 
ing into the radioactive areas in connection with their work.” 


CHAPTER 13 


EQUIPMENT DESIGN AND FABRICATION 


The goal of a ‘‘plant design” is to develop and present a complete plant 
that can operate on an effective industrial basis. To achieve this goal, the 
design engineer must be able to combine many separate units or pieces of 
equipment into one smoothly operating plant. If the final plant is to be 
successful, each piece of equipment must be capable of performing its nec- 
essary function. The design of equipment, therefore, is an essential part 
of a plant design. 

The design engineer must accept the responsibility of preparing the 
specifications for individual pieces of equipment. He should be acquainted 
with methods for fabricating different types of equipment, and he needs to 
recognize the importance of choosing appropriate materials of construction. 
Design data must be developed, giving sizes, operating conditions, number 
and location of openings, types of flanges and heads, codes, variation allow- 
ances, and other information. Many of the machine-design details are 
handled by the fabricators, but the chemical engineer must supply the 
basic design information. 


Specifications 


A generalization for equipment design is that standard equipment should 
be selected whenever possible. If the equipment is standard, the manu- 
facturer may have the desired size in stock. In any case, the manufacturer 
can usually quote a lower price and give better guarantees for standard 
equipment than for special equipment. 

The design engineer cannot be an expert on all the types of equipment 
used in industrial plants. He should, therefore, make good use of the 
experience of others. Much valuable information can be obtained from 
equipment manufacturers who specialize in particular types of equip- 
ment. 

Before a manufacturer is contacted, the engineer should evaluate his 
needs and prepare at least a preliminary specification sheet for the equip- 
ment. This preliminary specification sheet can be used by the engineer as 
a basis for the preparation of the final specifications, or it can be sent to a 
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manufacturer with a request for suggestions and fabrication information. 
Preliminary specifications for equipment should show the following: 

1. Identification 
Function 
Operation 
Materials handled 
Basic design data 
Essential controls 
Insulation requirements 
Allowable tolerances 

9. Special information and details pertinent to the particular equipment, 
such as materials of construction including gaskets, installation, necessary 
delivery date, supports, and special design details or comments 

Final specifications can be prepared by the design engineer, but he must 
be careful not to include too many unnecessary restrictions. The engineer 
should allow the potential manufacturers or fabricators to make sugges- 
tions before he prepares detailed specifications. In this way, the final de- 
sign can include small changes that reduce the first cost with no decrease 
in the effectiveness of the equipment. For example, the tubes in standard 
heat exchangers are usually 8, 12, 16, or 20 ft long, and these lengths are 
ordinarily kept in stock by manufacturers and maintenance departments. 
If a design specification called for tubes 15 ft long, the manufacturer 
would probably use 16-ft tubes cut off to the specified length. Thus, an 
increase from 15 to 16 ft for the specified tube length could cause a re- 
duction in the total cost for the unit, because the labor charge for cutting 
the standard-length tubes would be eliminated. In addition, replacement 
of tubes might become necessary after the heat exchanger has been in use, 
and the replacement costs with 16-ft tubes would probably be less than 
with 15-ft tubes. 

Figures 13-1 through 13-4 show typical types of specification sheets for 
equipment. These sheets apply for the normal type of equipment en- 
countered by a chemical engineer in design work. The details of me- 
chanical design, such as shell or head thicknesses, are not included, since 
they do not have a direct effect on the performance of the equipment. 
However, for certain types of equipment involving unusual or extreme 
operating conditions, the design engineer may need to extend the specifica- 
tions to include additional details of the mechanical design.* Locations 
and sizes of outlets, supports, and other essential fabrication information 


can be presented with the specifications in the form of comments or draw- 
ings. 


re aa) ga a ar ane See 


* Ty. . . ° 
For details on mechanical-design methods, see H. C. Hesse and J. H. Rushton 
S$ Droeedce ] 2] ; : 
Process Equipment Design,’’ D. Van Nostrand Company, Inc., Princeton, N.J., 1945. 
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HEAT EXCHANGER 





Identification: Item Condenser Date 1-1-57 
Item No. B 
No. required up By JRL 





Function: To condense the overhead vapors from methanol 
fractionation column 





Operation: Continuous 


Type: Horizontal 
Fixed tube sheet 
Expansion ring in shell 
Duty 3,400,000 Btu/hr Outside area 470 sq ft 


Tube Side: Tubes: 1. in. Diam. 14 BWG 








Fluid handled Cooling water e256 Centarsy) Ate Paliecn 
Flow rate 580 gpm 225 Tubeseach 8 ft long 
Pressure 20 psig 2 Passes 7 
Temperature 15°C to 25°C Faheaateriat ) Cee 1. 
Head material oteel 

Shell Side: Shell: 22 in. Diam. 1 Passes 
Fluid handled Methanol vapors (Transverse baffles Tube 
Flowrate 7000 lb/hr support Req’d) 
Pressure O psig (Longitudinal baffles O Req’d) 
Temperature 65°C to (con- Shell material Steel 


stant temp.) 





Utilities: Untreated cooling water 
Controls: Cooling-water rate controlled by vapor tem- 
perature in vent line 
Insulation: 2" rock cork or equivalent; weatherproofed 
Tolerances: Tubular Exchangers Manufacturers Association 
(TEMA) standards 
Comments and Drawings: Location and sizes of inlets and 
outlets are shown on drawing 





Fig. 13-1. Specification sheet for heat exchangers. 
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STORAGE TANK 











Identification: Item Date 

Item No. 

No. required By _ 
Function: 
Operation: 





Materials Handled: Composition 














Temperature Specific gravity 
Average flow Retention time @ 100% full 
Design Data: Capacity Pressure 
Horizontal or vertical Diam. Length 


Type of end, top, or bottom closures 











Material of construction 









































Agitation: Type Diam. 
Speed Brake Hp 
Connected Hp/unit Motor 
Material of construction 
Heat Provision: Type (Jacket) (Coil)(Tube bundle) ( ) 
Location 
Size Material of construction 
Utilities: 
Controls: 
Insulation: 
Tolerances: 


Comments and Drawings: 





Fic. 13-2. Specification sheet for storage tanks. 
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NOE = SS a ee ee 
BUBBLE-CAP COLUMN 

















Identification: Item Date 
Item No. 
No. required By 
Function: 
Operation: 
Materials Handled: Feed Overhead Reflux Bottoms 
Quantity 
Composition 
Temperature 
Design Data: No. of trays Reflux ratio 
Pressure Tray spacing 
Functional height Skirt height 
Material of construction 
Diameter; Liquid density Ib/cu ft 
Vapor density Ib/cu ft 
Maximum allowable vapor velocity (superficial) ft/sec 


Maximum vapor flow rate cu ft/sec 
Recommended inside diameter 





Utilities: 

Controls: 

Insulation: 

Tolerances: 

Comments and Drawings: 


lL... SS SS SS eee 
Fig. 13-3. Specification sheet for bubble-cap distillation column. 
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Identification: Item 
Item No. 
” No. required 














Function: 





Operation: 








Materials Handled: Composition 
Quantity 

Temperature Specific gravity 

Viscosity 

Vapor pressure 


























Design Data: Type of pump 
Total discharge head Net suction head 
Differential head Brake Hp 
Material of construction 
Type of drive Type of motor 
Connected Hp/unit 


























Utilities: 
Controls: 
Insulation: 
Tolerances: 
Comments: 





Fic. 13-4. Specification sheet for pumps. 


Scaling Up in Design 


When accurate data are not available in the literature or when past ex- 
perience does not give an adequate design basis, pilot-plant tests may be 
necessary in order to design effective plant equipment. The results of 
these tests must be scaled up to the plant capacity. A design engineer, 
therefore, should be acquainted with the limitations of scale-up methods, 
and he should know how to select the essential design variables. 

Pilot-plant data are almost always required for the design of filters unless 
specific information is already available for the type of materials and con- 
ditions involved. Heat exchangers, distillation columns, pumps, and many 
other types of conventional equipment can usually be designed adequately 
without using pilot-plant data. 

Table 1 presents an analysis of important factors in the design of dif- 
ferent types of equipment.* This table shows the major variables that 


*M. Laurent, R. D. Beattie, and T. H. Goodgame, Chem. Eng. Progr., 50:332 (1954). 


EQUIPMENT DESIGN AND FABRICATION 237 


characterize the size or capacity of the equipment and the maximum 
scale-up ratios for these variables. Information on the need for pilot- 
plant data, safety factors, and essential operational data for the design 
are included in Table 1. 


TABLE 1. Facrors IN EQUIPMENT SCALE-UP AND DESIGN 














Maximum 
Ts pilot Major variables ; 2 gat os mPOTORMRtE 
: plant for operational Major variables ratio based recommended 
Type of equipment sieaanlly aasien (other characterizing on indi- safety or 
aeacmesry? | “thin ow rate) size or capacity | cated char- overdesign 
acterizing factor, % 
variable 
Centrifugal pumps..... No Discharge head Flow rate >100:1 10 
Power input >100:1 
Impeller diameter 10:1 
Cooling towers........ No Air humidity Flow rate >100:1 15 
Temperature Volume 10:1 
decrease 
Cyclones........+-+-- No Particle size Flow rate 10x21 10 
Diameter of body aye 
Hammer mills......... Yes Size reduction Flow rate 60:1 20 
Power input 60:1 
Packed columns......- No Equilibrium data | Flow rate >100:1 15 
Superficial vapor | Diameter LO 
velocity Height to diam- 
eter ratio 
Plate columns......... No Equilibrium data | Flow rate >100:1 15 
Superficial vapor | Diameter 10:1 
velocity 
Plate-and-frame filters Yes Cake resistance | Flow rate >100:1 20 
or permeability | Filtration area >100:1 
Reciprocating compres- No Compression Flow rate >100:1 10 
sors ratio Power input >100:1 
Piston displace- >100:1 
ment 
Rotary filters.......-- Yes Cake resistance | Flow rate >100:1 20 
or permeability | Filtration area 25:1 
Screw conveyors.....-- No Bulk density Flow rate 90:1 20 
Diameter 8:1 
Drive horsepower 
Spray condensers. ..... No Latent heat of Flow rate 70:1 20 
vaporization Height to diam- 1231 
Temperatures eter ratio 
Tube-and-shell heat ex- No Temperatures Flow rate >100:1 15 
changer Viscosities Heat-transfer >100:1 
Thermal conduc- area 
tivities 





een ee ee Tne 


Safety Factors 


Some examples of recommended safety factors for equipment design are 
shown in Table 1. These factors represent the amount of overdesign that 
would be used to account for changes in the operating performance with 


time. 
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The indiscriminate application of safety factors can be very detrimental 
to a design, and the engineer must resist the temptation to protect himself 
by excessive use of these factors. Each piece of equipment should be de- 
signed to carry out its necessary function. Then, if uncertainties are in- 
volved, a reasonable safety factor can be applied. The role of the particu- 
lar piece of equipment in the over-all operation must be considered along 
with the consequences of underdesign. Fouling, which may occur during 
operation, should never be overlooked when a design safety factor is deter- 
mined. Potential increases in capacity requirements are sometimes used 
as an excuse for applying large safety factors. This practice, however, can 
result in so much overdesign that the process or equipment never has an 
opportunity to prove its economic value. 

In general design work, the magnitudes of safety factors are dictated by 
economic or market considerations, the accuracy of the design data and 
calculations, potential changes in the operating performance, background 
information available on the over-all process, and the amount of conserva- 
tism used in developing the individual components of the design. Each 
safety factor must be chosen on the basis of existing conditions, and the 
design engineer should not hesitate to use a safety factor of zero if he 
thinks it is correct. 


MATERIALS OF CONSTRUCTION 


The effects of corrosion and erosion: must be considered in the design of 
chemical plants and equipment. Chemical resistance and physical proper- 
ties of constructional materials, therefore, are important factors in the 
choice and design of equipment. The-materials of construction must be 
resistant to the corrosive action of any chemicals that may contact the 
exposed surfaces. Possible erosion caused by flowing fluids or other types 
of moving substances must be considered, even though the materials of 
construction may have adequate chemical resistance. Structural strength, 
resistance to physical or thermal shock, cost, ease of fabrication, necessary 
maintenance, and general type of service required, including operating tem- 
peratures and pressures, are additionai factors that influence the final choice 
of constructional materials. 1 

If there is any doubt concerning suitable materials for the construction 
of equipment, reference should be made to the literature, or laboratory 
tests should be carried out under conditions similar to the final operating 
conditions. The results from laboratory tests indicate the corrosion re- 
sistance of the material and also the effects on the product caused by con- 
tact with the particular material. Further tests on a pilot-plant scale 
may be desirable in order to determine the amount of erosion resistance 
or the effects of other operational factors. 
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Metals 


Materials of construction may be divided into the two general classifica- 
tions of metals and nonmetals. Pure metals and metallic alloys are in- 
cluded under the first classification. Table 2 presents data showing the 
comparison of purchased cost for various types of metals in plate form. 


TABLE 2. COMPARISON OF PURCHASED Cost ror Metau Puiate * 


cost per pound for metal 





Material Ratio = 
cost per pound for steel 


Flange quality steel.7. ............ 
304 stainless-steel-clad steel........ 
316 stainless-steel-clad steel........ 
Almmunuim (99 Plus) ee. sso. = oy oe 
304)’stainlessisteel. o25. +. 6... 205. ss 
Copper (Gow DIIs)is 28 ser skiso 2 os 
Nickel-clad ‘steellivn iets. o-s0ldiet wes 
Monel-clad'steelicte ss ess eee 
Inconel-clad steel................. 
SlGistainlessstecly ssc. sn. +... eases 10 
Batre eeer anaes cen yeaa dak a 10 
iG kcel Meete & oe vara ter. eke Shain on | 12 
Imconeliee Coe ices ee, wees nee 13 
gE TP il thy ak Siena area eee ee mee AAS 40 


OCOWMWDOANNO DS Ore 





* J. Donavon, Chem. Eng. Progr., 50:320 (1954). 
+ Purchased cost for steel plate (January, 1957) can be approximated as 6 to 12 cents 
per pound, depending on the amount purchased. 


Iron and Steel. Although many materials have greater corrosion re- 
sistance than iron and steel, cost aspects favor the use of iron and steel. 
As a result, they are often used as materials of construction when it is 
known that some.corrosion will occur. If this is done, the presence of iron 
salts and discoloration in the product can be expected, and periodic re- 
placement of the equipment should be anticipated. 

In general, cast iron and carbon steel exhibit about the same corrosion 
resistance. They are not suitable for use with dilute acids, but they can 
be used with many strong acids, since a protective coating composed of 
corrosion products forms on the metal surface. 

Because of the many types of rolled and forged steel products used in 
industry, basic specifications are needed to designate the various types. 
The American Iron and Steel Institute (AISI) has set up a series of stand- 
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ards for steel products. *t 


TABLE 3. 


Gray cast iron contains approximately 3.5% carbon. 
Structural carbon steel, in general, contains about 0.25% carbon and 0.5% manganese. 
Austenitic cast iron of the common type contains 20% nickel or nickel and copper in 
the ratio of about 2.5: 1. 
Duriron has greater corrosion resistance to acids than ordinary cast iron because 
large amounts of silicon are included in the alloy. The approximate composition is 14.5% 
Si, 0.85% C, 0.65% Mn, and 84% Fe. 


Per cent chemical composition, limits for 





PLANT DESIGN AND ECONOMICS FOR CHEMICAL ENGINEERS 


A few examples showing specifications and 
designations for iron and steel products are presented in Table 3. 


EXAMPLES OF SPECIFICATIONS AND DESIGNATIONS FOR IRON 
AND STEEL PRopuCTS 














AISI open-hearth and electric-furnace alloy steels * 
num- 

ber 

C Mn FE 8 Si Ni Cr 

A 1330] 0.28-0.33 | 1.60-1.90 | 0.040 0.040 | 0.20-0.35 
A 1340) 0.38-0.43 | 1.60-1.90 | 0.040 0.040 | 0.20-0.35 
A 2330 | 0.28-0.33 | 0.60-0.80 | 0.040 0.040 | 0.20-0.35 | 3.25-3.75 
A 2340 | 0.38-0.43 | 0.70-0.90 | 0.040 0.040 | 0.20-0.35 | 3.25-3.75 
A 3130 | 0.28-0.33 | 0.60-0.80 | 0.040 0.040 | 0.20-0.35 | 1.10-1.40 | 0.55-0.75 
A 3140 | 0.38-0.43 | 0.70-0.90 | 0.040 0.040 | 0.20-0.35 | 1.10-1.40 | 0.55-0.75 























*Molybdenum and vanadium contents are listed for some alloys. For a detailed 
listing, see J. H. Perry, “Chemical Engineers’ Handbook,” 3d ed., McGraw-Hill Book 
Company, Inc., New York, 1950. 


Stainless Steels. There are more than 30 standard types of stainless 
steels. These materials are high chromium or high nickel-chromium alloys 
of iron containing small amounts of other essential constituents. They 
have excellent corrosion-resistance and heat-resistance properties. The 
most common stainless steels, such as type 302 or type 304, contain ap- 


* American Iron and Steel Institute, Manufacturers’ Standard Practice, July 1, 1946. 

f Specifications and codes on materials have also been established by the Society of 
Automotive Engineers (SAE), the American Society of Mechanical Engineers (ASMB), 
and the American Society for Testing Materials (ASTM). In the AISI and SAE num- 
bering systems, the first digit indicates the type of steel: 1 for carbon steel, 2 for nickel 
steel, 3 for nickel-chromium steel, 4 for molybdenum steel, 5 for chromium steel, 6 for 
chromium-vanadium steel, 7 for tungsten steel, and 9 for silicon-manganese steel. 
The last two digits give the approximate percentage of carbon as hundredths of 1 
per cent. For simple alloys, the second digit usually represents the approximate per- 
centage of the predominant alloying element. 
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proximately 18 per cent chromium and 8 per cent nickel, and they are 
designated as 18-8 stainless steels. 

The addition of molybdenum to the alloy, as in type 316, increases the 
corrosion resistance and high-temperature strength. If nickel is not in- 
cluded, the low-temperature brittleness of the material is increased and 
the ductility and pit-type corrosion resistance are reduced. The presence 
of chromium in the alloy gives resistance to oxidizing agents. Thus, type 
430, which contains chromium but no nickel or molybdenum, exhibits ex- 
cellent corrosion resistance to nitric acid and other oxidizing agents. 

Although fabricating operations on stainless steels are more difficult than 
on standard carbon steels, all types of stainless steel can be fabricated suc- 
cessfully.* The properties of types 430F, 416, 410, 310, 309, and 303 make 
these materials particularly well suited for machining or other fabricating 
operations. In general, machinability is improved if small quantities of 
phosphorus, selenium, or sulfur are present in the alloy. 

The types of stainless steel included in the 300 series are hardenable only 
by cold-working; those included in the 400 series are either nonhardenable 
or hardenable by heat-treating. As an example, type 410, containing 12 
per cent chromium and no nickel, can be heat-treated for hardening and 
has good mechanical properties when heat-treated. It is often used as a 
material of construction for bubble caps, turbine blades, or other items 
that require special fabrication. 

Stainless steels exhibit the best resistance to corrosion when the surface 
is oxidized to a passive state. This condition can be obtained, at least 
temporarily, by a so-called ‘‘passivation’”’ operation in which the surface 
is treated with nitric acid and then rinsed with water. Localized corrosion 
can occur at places where foreign material collects, such as in scratches, 
crevices, or corners. Consequently, mars or scratches should be avoided, 
and the equipment design should specify a minimum of sharp corners, 
seams, and joints. 

The high temperatures involved in welding stainless steel may cause pre- 
cipitation of chromium carbide at the grain boundary, resulting in decreased 
corrosion resistance along the weld. The chances of this occurring can be 
minimized by using low-carbon stainless steels or by controlled annealing. 

Table 4 presents the compositions of standard types of stainless steel. 
Some typical applications of the various types are shown in Table 5. 

Hastelloy. The beneficial effects of nickel, chromium, and molybdenum 
are combined in Hastelloy C to give an expensive but highly corrosion- 
resistant material. A typical analysis of this alloy shows 56 per cent nickel, 
17 per cent molybdenum, 16 per cent chromium, 5 per cent iron, and 4 per 

* For a detailed discussion of machining and fabrication of stainless steels, see “Stain- 
less Stee] Handbook” and “The Fabrication of Stainless Steels,” Allegheny Ludlum 


Steel Corporation, Pittsburgh, Pa., 1956. 
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Tasie 4. ComposITION OF STANDARD STAINLESS STEELS *T 

AISI Composition, per cent 

type 

Bae Mn Si , i Other 
ber ft C aie ae C1 Ni 

301 | Over 0.08-0.15} 2.00 1.00 16.0-18.0 | 6.0-8.0 

302 | Over 0.08-0.15| 2.00 1.00 17.0-19.0 | 8.0-10.0 

302B | Over 0.08-0.20} 2.00 .0-3.0 | 17.0-19.0 | 8.0-10.0 

303 | 0.15 max 2.00 1.00 17.0-19.0 | 8.0-10.0 § 

304 | 0.08 max 2.00 1.00 18.0-20.0 | 8.0-11.0 

304L | 0.03 max 2.00 1.00 18.0-20.0 | 8.0-11.0 

305 |0.12 max 2.00 1.00 17.0-19.0 | 10.0-13.0 

308 | 0.08 max 2.00 1.00 19.0-21.0 | 10.0-12.0 

309 | 0.20 max 2.00 1.00 22.0-24.0 | 12.0-15.0 

3098 | 0.08 max 2.00 1.00 22.0-24.0 | 12.0-15.0 

310 | 0.25 max 2.00 1.50 24.0-26.0 | 19.0-22.0 

3108S | 0.08 max 2.00 1.50 24.0-26.0 | 19.0-22.0 

314 |0.25 max 2.00 .5-3.0 | 23.0-26.0 | 19.0-22.0 

316 |0.10 max 2.00 1.00 16.0-18.0 | 10.0-14.0 | Mo, 2.00-3.00 
316L | 0.03 max 2.00 1.00 16.0-18.0 | 10.0-14.0 | Mo, 1.75-2.50 
317 | 0.10 max 2.00 1.00 18.0-20.0 | 11.0-14.0 Mo, 3.00—4.00 
321 |0.08 max 2.00 1.00 17.0-19.0 8.0-11.0°| Ti, 5 x C min 
347 | 0.08 max 2.00 1.00 17.0-19.0 | 9.0-12.0 | Cb, 10 X C min 
403 |0.15 max 1.00 0.50 11.5-13.0 

405 |0.08 max 1.00 1.00 bhlB Ween eas Je Al, 0.10-0.30 
410 |0.15 max 1.00 1.00 11.5-13.5 

414 |0.15 max 1.00 1.00 11.5-13.5 | 1.25-2.50 

416 |0.15 max 25h el O00 Ld, Dalat baet = ed § 

420 | Over 0.15 1.00 1.00 12.0-14.0 

430 |0.12 max 1.00 1.00 14.0-18.0 

430F | 0.12 max 1.25 1.00 14.0-18.0 | «*-+<2>> § 

431 | 0.20 max 1.00 1.00 15.0-17.0 | 1.25-2.50 

440A | 0.60-0.75 1.00 1.00 16.0558 O02 aes Mo, 0.75 max 
440B | 0.75-0.95 1.00 1.00 UN oye A Fg a a Mo, 0.75 max 
440C | 0.95-1.20 1.00 1.00 TG OER DB hy. ee os Mo, 0.75 max 
446 |0.35 max 1.50 1.00 23.0-27.0 | 1.00 max | N, 0.25 max 
501 | Over 0.10 1.00 1.00 4.0-6.0 

502 | 0.10 max 1.00 1.00 4.0-6.0 


* Sixteenth Biennial Materials of 


1956 


t In general, stainless steels in th 
nickel; those in the 400 series conta 
those in the 500 series cont 
300 series, except for type 3 
number is zero and greater th 
series, an increase in the 


the carbon content.) 
§ Phosphorus 
0.60 per cent max. 


Construction Report, Chem. Eng., vol. 61, no. 11, 1954. 
t “Stainless Steel Handbook,” Allegheny Ludlum Steel Corporation, Pittsburgh, Pa., 


e 300 series contain large amounts of chromium and 


in large amounts of chromium and little or no nickel; 


ain low amounts of chromium an 
09, the nickel content can be 1 


d little or no nickel; in the 


0 per cent or less if the second 


an 10 per cent if the second number is one: in the 400 


number represented by the last two digits indicates an increase 
in the chromium content. 
AISI steel numbering syst 


(Nore: This is not in agreement w 
ems, which use 
and a first digit of five for chromium stee 


or sulfur or selenium, 0.07 per cent min 


ith the SAE and general 
a first digit of four for molybdenum steels 
ls, while the third and fourth digits represent 


; zirconium or molybdenum, 
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TaBLE 5. APPLICATIONS OF STAINLESS STEEL AS MATERIALS OF CONSTRUCTION 


AISI 
type 
number 
301 
302 


303 
304 


305 


308 
309 
310 


314 
316 


317 


321 
347 


403 
405 


410 


416 
420 
430 
430F 


431 
440A, B, C 
446 


Applications 


Chutes for abrasive solids, structural components 

Heat exchangers, towers, tanks, pipes, heaters, general chem- 
ical equipment 

Pumps, valves, instruments, fittings 

Perforated blow-pit screens, heat-exchanger tubing, pre- 
heater tubes 

Funnels, utensils, hoods 


Welding rod, more ductile welds for type 430 

Welding rod for type 304, heat exchangers, pump parts 

Jacketed high-temperature—high-pressure reactors, oil-refin- 
ing-still tubes 

Radiant tubes, carburizing boxes, annealing boxes 

Distillation equipment for producing fatty acids, sulfite paper 
processing equipment, used for resistance to severe pit- 
type corrosion 


Process equipment involving strong acids or chlorinated sol- 
vents 

Furnace parts in presence of corrosive fumes 

Like 302 but used where carbide precipitation during fabri- 
cation or service may be harmful, welding rod for type 321 

Steam turbine blades 

Tower linings, baffles, separator towers 


Bubble-tower parts for petroleum refining, pump rods and 
valves, turbine blades 

Valve stems, plugs, gates 

High-spring-temper applications, utensils 

Nitric acid storage tanks, furnace parts, fan scrolls 

Pump shafts, instrument parts, valve parts 


Products requiring high yield point and resistance to shock 
Cutting edges, shear blades 
Boiler baffles, furnace linings, glass molds 


cent tungsten, with manganese, silicon, carbon, phosphorus, and sulfur 
making up the balance. Hastelloy C is used where structural strength and 
good corrosion resistance are necessary under conditions of high tempera- 
tures. The material can be machined and is readily fabricated. It is used 
in the form of valves, piping, heat exchangers, and various types of vessels. 
Other types of Hastelloys are also available for use under special corrosive 


conditions. 


Copper and Its Alloys. Copper is relatively inexpensive, possesses fair 
mechanical strength, and can be fabricated easily into a wide variety of 
shapes. Although it shows little tendency to dissolve in nonoxidizing 
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acids, it is readily susceptible to oxidation. Copper is resistant to atmos- 
pheric moisture or oxygen because a protective coating composed primarily 
of copper oxide is formed on the surface. The oxide, however, is soluble 
in most acids, and copper is not a suitable material of construction when 
it must contact any acid in the presence of oxygen or oxidizing agents. 
Copper exhibits good corrosion resistance to strong alkalies, with the excep- 
tion of ammonium hydroxide. At room temperature it can handle sodium 
and potassium hydroxide of all concentrations. It resists most organic 
solvents and aqueous solutions of organic acids. 

Copper alloys, such as brass, bronze, admiralty, and Muntz metals, can 
exhibit better corrosion resistance and better mechanical properties than 
pure copper. In general, high-zine alloys should not be used with acids or 
alkalies owing to the possibility of dezincification. Most of the low-zine 
alloys are resistant to hot dilute alkalies. 

Nickel and Its Alloys. Nickel exhibits high corrosion resistance to most 
alkalies. Nickel-clad steel is used extensively for equipment in the produc- 
tion of caustic soda and alkalies. The strength and hardness of nickel is 
almost as great as that of carbon steel, and the metal can be fabricated 
easily. In general, oxidizing conditions promote the corrosion of nickel, 
and reducing conditions retard it. 

Monel, an alloy of nickel containing 67 per cent nickel and 30 per cent 
copper, is often used in the food industries. This alloy is stronger than 
nickel and has better corrosion-resistance properties than either copper or 
nickel. Another important nickel alloy is Inconel (77 per cent nickel and 
15 per cent chromium). The presence of chromium in this alloy increases 
its resistance to oxidizing conditions. 

Aluminum. The lightness and relative ease of fabrication of aluminum 
and its alloys are factors favoring the use of these materials. Aluminum 
resists attack by acids because a surface film of inert hydrated aluminum 
oxide is formed. This film adheres to the surface and offers good protection 
unless materials which can remove the oxide, such as halogen acids or 
alkalies, are present. 

Lead. Pure lead has low creep and fatigue resistance, but its physical 
properties can be improved by the addition of small amounts of silver, cop- 
per, antimony, or tellurium. Lead-clad equipment is in common use in 
many chemical plants. The excellent corrosion-resistance properties of 
lead are caused by the formation of protective surface coatings. If the 
coating is one of the highly insoluble lead salts, such as sulfate, carbonate, 
or phosphate, good corrosion resistance is obtained. Little protection is 
offered, however, if the coating is a soluble salt, such as nitrate, acetate, 
or chloride. As a result, lead shows good resistance to sulfuric acid and 
phosphoric acid, but it is susceptible to attack by acetic acid and nitric 
acid. 
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Tantalum. The physical properties of tantalum are similar to those 
of mild steel, with the exception that its melting point (2996°C) is much 
higher. It is ordinarily used in the pure form, and it is readily fabricated 
into many different shapes. The corrosion-resistance properties of tanta- 
lum resemble those of glass. The metal is attacked by hydrofluoric acid, by 
hot concentrated alkalies, and by materials containing free sulfur trioxide. 
It is resistant to all other acids and is often used for equipment involving 
contact with hydrochloric acid. 

Silver. Because of its low mechanical strength and high cost, silver 
is generally used only in the form of linings. Silver is resistant to alkalies 
and many hot organic acids. It also shows fair resistance to aqueous solu- 
tions of the halogen acids. 

Galvanic Action between Two Dissimilar Metals. When two dissimilar 
metals are used in the construction of equipment containing a conducting 
fluid in contact with both metals, an electric potential may be set up be- 
tween the two metals. The resulting galvanic action can cause one of the 
metals to dissolve into the conducting fluid and deposit on the other metal. 
As an example, if a piece of copper equipment containing a solution of 
sodium chloride in water is connected to an iron pipe, electrolysis can occur 
between the iron and copper, causing high rates of corrosion. As indicated 
in Table 6, iron is higher in the electromotive series than copper, and the 
iron pipe will gradually dissolve and deposit on the copper. The farther 
apart the two metals are in the electromotive series, the greater is the pos- 
sible extent of corrosion due to electrolysis. 


Nonmetals 


Glass, cement, stoneware, brick, rubber, silica ware, and wood are com- 
mon examples of nonmetals used as materials of construction. All of these 
materials have much lower thermal conductivities than metals, and special 
means of heating, such as injection of live steam or other forms of internal 
heating, are often necessary when nonmetals are used as the major con- 
structional materials. 

Many of the nonmetals have low structural strength. Consequently, 
they are often used in the form of linings or coatings bonded to metal 
supports. Glass-lined or rubber-lined equipment has many applications in 
the chemical industries. Glass-lined equipment is particularly useful be- 
cause glass is resistant to almost all chemicals, major exceptions being 
hydrofluoric acid and strong alkalies. 

‘Natural and synthetic rubbers are used as linings or as structural com- 
ponents for equipment in the chemical industries. By adding the proper 
ingredients, natural rubbers with varying degrees of hardness and chemical 
resistance can be produced. Hard rubbers are chemically saturated with 
sulfur. The vulcanized products are rigid and exhibit excellent resist- 
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TABLE 6. [ELECTROMOTIVE SERIES OF METALS 


List of metals arranged in decreasing order of their tendencies to pass into ionic form 
by losing electrons. 


Standard elec- 


Metal Ion | trode potential 
at 25°C 

Latin 45102 +o8 ee Lit +2.96 
Potaseiuin cnn San alas Kt 2.92 
Crloniitys7 Go: lake oe Catt Ry 
SOdUa stent cee aoe: Nat Berk 
Magnesium............ Megtt 2.40 
Aliiromtm > 72 eee. Al*+ 1.70 
Manganese............ Mntt 1.10 
Zingela. ee eene Zntt 0.76 
Chromium. ac; Gan Crtt 0.56 
Comlliviin ck etecaee oe oe Ga?t 0.50 
Ao 6 Preppy sh Fett 0.44 
Cadmium cl. t.. 2 ie Cdtt+ 0.40 
Sohaltveeo 7, oe Cott 0.28 
Nickél 2c os. tec Nitt+ 0.23 
Ahi: Wm en ere ee Sntt 0.14 
bs ER ee eee Pbtt 0.12 
SrGaies oe ca ee ce Fe*+ 0.045 
Hydrogens.cs.7.. te Ht 0.0000 
ANLINONY cee eee. Sb3+ —0.10 
Bisminthic asec eee Bi?t —0.23 
ATSOIIN Sah core hee As*+ —0.30 
CODDER is oss we Cutt —0.34 
WONpehT Ge ana Cut —0.47 
SUVEE ore see ere eee Agt —0.80 
Ledeen Meee oui te Pb*t —0.80 
Pistintineyeee: Goran Ptr —0.86 
SSQldice ae ee aes eee Au’t —1.36 
Gide eee cys donee Aut —1.50 


ance to chemical attack by dilute sulfuric acid and dilute hydrochloric 
acid. 

The most common synthetic rubber is GR-S rubber (buna S) prepared 
by the copolymerization of butadiene and styrene. This material has 
chemical and physical properties similar to those of natural rubber. Some 
typical nonmetals, along with their special physical and chemical proper- 
ties, are listed in Table 7. 


EQUIPMENT DESIGN AND FABRICATION 


247 


TABLE 7. NONMETALS AS MATERIALS OF CONSTRUCTION 


eee 


Material Important constituents 





High-silica glass. ...| Si02—96% and higher 
SiOo—70 to 75%, Na2O—12 
to 18%, CaO—5 to 14% 
SiO.—73 to 82%, Na2O—3 
to 10%, B2Os—5 to 20% 


SiO0s—53 to 67%, NaxO—5 
to 10%, PhO—20 to 40% 

Bonded with phenol formal- 
dehyde or other acid-re- 
sistant resins 


Lime glass........ 


Borosilicate glass 
(Pyrex) 


Lead glass......... 


Carbon and graph- 
ite (Karbate) 


Phenolic resins Phenol formaldehyde resin 


(Haveg) or furane resin; asbestos 
or graphite filler may be 
included 

Polyethylene...... Polyethylene 


Viny] chloride, vinylidene 


Vinyl] chloride 
chloride copolymer 


(Saran) 


Viny] chloride 
(Tygon) 


Vinyl chloride resins, vinyl 
chloride copolymers, vinyl] 
chloride—acetate resins 

No plasticizing agent or co- 


Unplasticized poly- 
polymer included 


vinyl! chloride 
Acrylic resins Polymethyl methacrylate 
(Lucite, Plexi- 
glas) 


Fluorinated resins | Polytetrafluoroethylene 


(Teflon) 





Properties 


ese 


Exhibits good thermal-shock re- 
sistance. 
Ordinary window glass. 


Used for optical work, scientific 
work, pipe lines, and many other 
applications. 

Used for decorative and optical ef- 
fects. 

Not highly resistant to physical 
shock and not completely imper- 
vious to gases. Maximum tem- 
perature, 360°F. Maximum pres- 
sure, 80 psig. Used as pipe, fit- 
tings, valves, heat exchangers, 
tanks, ete. 

Various types show excellent resist- 
ance to acids including halogen 
acids, alkalies, and many organic 
compounds. Maximum tempera- 
ture, 270°F. Maximum pressure, 
25 psig. Used as pipe, fittings, 
valves, tanks, ete. 

Resistant to action of acids, alkalies, 
and many organic compounds. 
Used as tubing, pipes, valves, con- 
tainers, gaskets, etc. 

Resistant to most inorganic chemi- 
cals and most organic solvents. 
Major exceptions are ammonium 
hydroxide and aromatic ketones. 
Used as tubing, pipe, fittings, ete. 

Depending on type of Tygon, resist- 
ant to most chemicals. Used as 
linings, sheets, tubing, etc. 

Rigid material with excellent resist- 
ance to acids and other chemicals. 
Used as valves, pipe, sheets, ete. 

Shows excellent chemical resistance 
to weak acids and alkalies. Re- 
sists aliphatic hydrocarbons. 
Available as rods, sheets, tubing, 


etc. 

Attacked only by molten alkali met- 
als and fluorine at high tempera- 
tures and pressures. Thermally 
stable from —100 to 500°F. 
Tends to flow under compression. 
Used as lining, gaskets, valve 
seats, and for electrical applica- 
tions. 
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Gasket Materials 


Metallic and nonmetallic gaskets of many different forms and composi- 
tions are used in industrial equipment. The choice of a gasket material 
depends on the corrosive action of the chemicals that may contact the 
gasket, the location of the gasket, and the type of gasket construction. 
Other factors of importance are the cost of the materials, pressure and 
temperature involved, and frequency of opening the joint. 


Tabulated Data for Selecting Materials of Construction 


Table 8 presents information on the corrosion resistance of common 
metals, nonmetals, and gasket materials. This table can be used as an 
aid in choosing materials of construction, but no single table can take into 
account all the factors that can affect corrosion. Temperature level, con- 
centration of the corrosive agent, presence of impurities, physical methods 
of operation, and slight alterations in the composition of the constructional 
material can affect the degree of corrosion resistance. The final selection 
of a material of construction, therefore, may require reference to manu- 
facturers’ bulletins and consultation with persons who are experts in the 
particular field of application.* 


FABRICATION OF EQUIPMENT 


Fabrication expenses account for a large fraction of the purchased cost 
for equipment. A design engineer, therefore, should be acquainted with 
the methods for fabricating equipment, and the problems involved in the 
fabrication should be considered when equipment specifications are pre- 
pared. 


* The following are recommended references for information on materials of con- 
struction in the chemical industries: 

1. Biennial reports on materials of construction published by Chemical Engineering 
in November of even-numbered years. 

2. Ind. Eng. Chem., vol. 39, October, 1947, and subsequent annual reviews on chemical 
engineering materials of construction. 

3. J. H. Perry, “Chemical Engineers’ Handbook,” 3d ed., McGraw-Hill Book Com- 
pany, Inc., New York, 1950. 

4. H. H. Uhlig, “Corrosion Handbook,” John Wiley & Sons, Ine., New York, 1948. 

5. L. G. Vande Bogart, Factory Management and Maintenance, 103(1):145 (1945). 

6. J. A. Lee, “Materials of Construction for Chemical Process Industries,”” McGraw- 
Hil] Book Company, Inc., New York, 1950. 

7. H. H. Dunkle and E. C. Fetter, Chemical Resistance of Gasket Materials, Chem. 
Eng., 63(11):106 (1946). 

8. W. Staniar, “Plant Engineering Handbook,” McGraw-Hill Book Company, Inc., 
New York, 1950. 

9. “Modern Plastics Encyclopedia Issue,” published annually by Plastics Catalogue 
Corporation, Bristol, Conn. 


pay. PLANT DESIGN AND ECONOMICS FOR CHEMICAL ENGINEERS 


Many of the design and fabrication details for equipment are governed 
by various codes, such as the ASME Codes. These codes can be used to 
indicate definite specifications or tolerance limits without including a large 
amount of descriptive restrictions. For example, fastening requirements 
can often be indicated satisfactorily by merely stating that all welding 
should be in accordance with the ASME Code. 

The exact methods used for fabrication depend on the complexity and 
type of equipment being prepared. In general, however, the following 
steps are involved in the complete fabrication of major pieces of chemical 
equipment, such as tanks, autoclaves, reactors, towers, and heat exchangers: 

1. Layout of materials 
Cutting to correct dimensions 
Forming into desired shape 
Fastening 
Testing 
Heat-treating 
. Finishing 

Layout. The first step in the fabrication is to establish the layout 
of the various components on the basis of detailed instructions prepared 
by the fabricator. Flat pieces of the metal or other constructional mate- 
rial involved are marked to indicate where cutting and forming are re- 
quired. Allowances must be made for losses caused by cutting, shrinkage 
due to welding, or deformation caused by the various forming operations. 

After the equipment starts to take shape, the location of various outlets 
and attachments will become necessary. Thus, the layout operation can 
continue throughout the entire fabrication. If tolerances are critical, an 
exact layout, with adequate allowances for deformation, shrinkage, and 
losses, is absolutely essential. 

Cutting. Several methods can be used for cutting the laid-out materials 
to the correct size. Shearing is the cheapest method and is satisfactory for 
relatively thin sheets. The edge resulting from a shearing operation may 
not be usable for welding, and the sheared edges may require an additional 
grinding or machining treatment. 

Burning is often used for cutting metals. This method can be employed 
to cut and, simultaneously, prepare a beveled edge suitable for welding. 
Carbon steel is easily cut by an oxyacetylene flame. The heat effects on 
the metal are less than those involved in welding. Stainless steels and non- 
ferrous metals that do not oxidize readily can be cut by a method known 
as powder or flux burning. An oxyacetylene flame is used, and powdered 
iron is introduced into the cut to increase the amount of heat and improve 
the cutting characteristics. The high temperatures involved may affect 
the materials, resulting in the need for a final heat-treatment to restore 
corrosion resistance or removal of the heat-affected edges. 


Noe WN 
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Sawing can be used to cut metals that are in the form of flat sheets. 
However, sawing is expensive, and it is used only when the heat effects 
from burning would be detrimental. 

Forming. After the constructional materials have been cut, the next 
step is to form them into the desired shape. This can be accomplished by 
various methods, such as by rolling, bending, pressing, bumping (i.e., 
pounding), or spinning on a die. In some cases, heating may be necessary 
in order to carry out the forming operation. Because of work hardening 
of the material, annealing may be required before forming and between 
stages during the forming. 

When the shaping operations are finished, the different parts are assem- 
bled and fitted for fastening. The fitting is accomplished by use of jacks, 
hoists, wedges, and other means. When the fitting is complete and all 
edges are correctly aligned, the main seams can be tack-welded in prepara- 
tion for the final fastening. 

Fastening. Riveting can be used for fastening operations, but electric 
welding is far more common and gives superior results. The quality of a 
weld is very important, because the ability of equipment to withstand 
pressure or corrosive conditions is often limited by the conditions along the 
welds. Although good welds may be stronger than the metal that is 
fastened together, design engineers usually assume a weld is not perfect 
and employ weld efficiencies of 80 to 95 per cent in the design of pressure 
vessels. 

The most common type of welding is the manual shielded-arc process in 
which an electrode approximately 14 to 16 in. long is used and an electric 
are is maintained manually between the electrode and the material being 
welded. The electrode melts and forms a filler metal, while, at the same 
time, the work material fuses together. A special coating is provided on 
the electrode. This coating supplies a flux to float out impurities from the 
molten metal and also serves to protect the metal from surrounding air 
until the metal has solidified and cooled below red heat. The type of elec- 
trode and coating is determined by the particular materials and conditions 
that are involved in the welding operation. 

A submerged-are process is commonly used for welding stainless steels 
and carbon steels when an automatic operation is acceptable. The elec- 
trode is a continuous roll of wire fed at an automatically controlled rate. 
The arc is submerged in a granulated flux which serves the same purpose 
as the coating on the rods in the shielded-are process. The appearance 
and quality of the submerged-are weld is better than that obtained by an 
ordinary shielded-are manual process; however, the automatic process 1s 
limited in its applications to main seams or similar long-run operations. 

Heliare welding is used for stainless steels and most of the nonferrous 
materials. This process can be carried out manually, automatically, or 
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semiautomatically. A stream of helium or argon gas is passed from a 
nozzle in the electrode holder onto the weld, where the inert gas acts as a 
shielding blanket to protect the molten metal. As in the shielded-are and 
submerged-are processes, a filler rod is fed into the weld, but the are in 
the heliare process is formed between a tungsten electrode and the base 
metal. 

In some cases, fastening can be accomplished by use of various solders, 
such as brazing solder (mp, 1550 to 1660°F) containing about 50 per cent 
each of copper and zinc; silver solders (mp, 1200 to 1600°F) containing 
silver, copper, and zinc; or ordinary solder (mp, 430°F) containing 50 per 
cent each of tin and lead. Screw threads, packings, gaskets, and other 
mechanical methods are also used for fastening various parts of equipment. 

Testing. All welded joints can be tested for concealed imperfections 
by X rays, and code specifications usually require X-ray examination of 
main seams. Hydrostatic tests can be conducted to locate leaks. Some- 
times, delicate tests, such as a helium probe test, are used to check for 
very small leaks. 

Heat-treating. After the preliminary testing and necessary repairs 
are completed, it may be necessary to heat-treat the equipment to remove 
forming and welding stresses, restore corrosion-resistance properties to 
heat-affected materials, and prevent stress-corrosion conditions. A low- 
temperature treatment may be adequate, or the particular conditions may 
require a full anneal followed by a rapid quench. 

Finishing. The finishing operation involves preparing the equipment 
for final shipment. Sandblasting, polishing, and painting may be neces- 
sary. Final pressure tests at 114 to 2 or more times the design pressure 
are conducted together with other tests as demanded by the specified code 
or requested by the inspector. 


PROBLEMS 


1, A new plant requires a large rotary vacuum filter for the filtration of zine sulfite 
from a slurry containing 1 Ib of zine sulfite solid per 20 Ib of liquid. The liquid con- 
tains water, sodium sulfite, and sodium bisulfite. The filter must handle 8000 lb 
of slurry per hour. What additional information is necessary to design the rotary 
vacuum filter? How much of this information could be obtained from laboratory or 
pilot-plant tests? Outline the method for converting the test results to the conditions 
applicable in the final design. 

2. For each of the following materials of construction, prepare an approximate plot 
of temperature versus concentration in water for sulfuric acid and for nitric acid, show- 
ing conditions of generally acceptable corrosion resistance: 

(a) Stainless steel type 302. 

(b) Stainless steel type 316. 

(c) Karbate. 

(d) Haveg. 
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3. A manhole plate for a reactor is to ‘be 2 in. thick and 18 in. in diameter. It has 
been proposed that the entire plate be made of stainless steel type 316. The plate will 
have 18 bolt holes, and part of the face will need to be machined for close gasket con- 
tact. If the base price for stainless steel type 316 in the form of industrial plates is 
$0.70 per pound, estimate the purchased cost for the manhole plate. 

4. In the course of developing a new product, a pilot plant is to be constructed for 
processing a new chemical compound. This new compound has been prepared only in 
laboratory glassware up to the present time. Outline the procedure that should be 
followed to make the best selection of materials of construction for the pilot plant. 

5. Six tanks of different constructional materials and six different materials to be 
stored in these tanks are listed in the following columns: 


Tanks Materials 
Brass-lined 20% hydrochloric acid 
Carbon steel 10% caustic soda 
Concrete 75% phosphoric acid for 
Nickel-lined food products 
Stainless steel type 316 98% sulfuric acid 
Wood Vinegar 

Water 


All tanks must be used, and all materials must be stored without using more than 
one tank for any one material. Indicate the material that should be stored in each 
tank. 

6. For the design of internal-pressure cylindrical vessels, the API-ASME Code for 
Unfired Pressure Vessels (3d ed., pp. 18 and 14, 1938) recommends the following equa- 
tions for determining the minimum wall thickness when extreme operating pressures 
are not involved: 


m . Do 
t= at +C applies when D; <2 (1) 
SE +P De 
or t= a (ae = :) +C applies when D, > 1.2 (2) 


where t = wall thickness, in. . 
P = internal pressure, psig (this assumes atmospheric pressure surrounding the 


vessel) 
Dm = mean diameter, in. 
D; = ID, in. 
D, = OD, in. 


E = fractional efficiency of welded or other joints 

C = allowances, in., for corrosion, threading, and machining 

S = design stress, psi (for the purpose of this problem, S may be taken as one- 
fourth of the ultimate tensile strength) 

A cylindrical storage tank is to have an ID of 12 ft and a length of 36 ft. The seams 
will be welded, and the material of construction will be plain carbon steel (0.15 per cent 
C). The maximum working pressure in the tank will be 100 psig, and the maximum 
temperature will be 80°F. No corrosion problems are anticipated. On the basis of 
the preceding equations, estimate the necessary wall thickness. 

7. A proposal has been made to use stainless-steel tubing as part of the heat-transfer 
system in a nuclear reactor, High temperatures and extremely high rates of heat trans- 
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fer will be involved. Under these conditions, temperature stresses across the tube 
walls will be high, and the design engineer must choose a safe wall thickness and tube 
diameter for the proposed unit. List in detail all information and data necessary to 
determine if a proposed tube diameter and gauge number would be satisfactory. * 


* See E. W. Luster, Fuel Steam Power, 7’rans. ASME, 53(12):161 (1931), and D. M. 
Newitt, Trans. Inst. Chem. Engrs. (London), 14:85 (1936). 


CHAPTER 14 


MATERIALS HANDLING AND TRANSFER EQUIPMENT— 
DESIGN AND COSTS 


The most common means for transferring materials is by pumps and 
pipes. Elevators, conveyors, fans, blowers, and similar kinds of equipment 
are also used extensively to handle and transfer various materials. The 
design engineer must decide which type of equipment is best suited for his 
purposes, and he must be able to prepare equipment specifications that 
will satisfy the operational demands of the process under reasonable cost 
conditions. Consequently, theoretical design principles, practical problems 
of operation, and cost considerations are all involved in the final choice of 
materials handling and transfer equipment. 


PUMPS AND PIPING 


Power Requirements 


A major factor involved in the design of pumping and piping systems is 
the amount of power that is required for the particular operation. Me- 
chanical power must be supplied by the pump to overcome frictional re- 
sistance, changes in elevation, changes in internal energy, and other resist- 
ances set up in the flow system. 

The various forms of energy can be related by the total energy balance 
or the total mechanical-energy balance. On the basis of 1 lb of fluid 
flowing under steady conditions, the total energy balance may be writ- 
ten in differential form as 


V.dV; 





5 az + d(pr) + + du = 6Q + 6W (1) 


Yc Ic 


The total mechanical-energy balance in differential form is 


V; dV; 





q 
Pega dd + = §W, — oF (2) 
Yc Yc 
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where g = local gravitational acceleration, usually taken as 32,17 ft/ 
(sec) (sec) . 
ge = conversion factor in Newton’s law of motion, 32.17 ft-lb mass/ 
(sec) (sec) (Ib force) 
Z = vertical distance above an arbitrarily chosen datum plane, ft 
v = specific volume of the fluid, cu ft/lb mass 
p = absolute pressure, lb force/sq ft 
V; = instantaneous or point linear velocity, fps 
u = internal energy, ft-lb force/Ib mass 
Q = heat energy imparted as such to the fluid system from an out- 
side source, ft-lb force/lb mass 
shaft work, gross work input to the fluid system from an out- 
side source, ft-lb force/Ib mass 
W, = mechanical work imparted to the fluid system from an outside 
source, * ft-lb force/lb mass 
F = mechanical-energy loss due to friction, ft-lb force/lb mass 
Integration of these energy balances between ‘‘point 1’’ where the fluid 
enters the system and “point 2”’ where the fluid leaves the system gives 


= 
T 


Total energy balance: 














g ee g V2? 
Zi pie yy Ot WS oe ae 
Ic 2ag¢ Je 2agc 
Total mechanical-energy balance: 
2 2 
g Vy g V2 
t= —{ vdp + +W, =Z.—-—+ “LF 4 
Jc 1 2ag¢ Jc 20g a3 ( ) 


where V = average linear velocity, fps, and a = alpha, correction coef- 
ficient to account for use of average velocity, usually taken as 1.0 if flow 
is turbulent and 0.5 if flow is viscous. Equations (1) through (4) are 
sufficiently general for treatment of almost any flow problem, and they are 
the basis for many design equations that apply for particular simplified 


conditions. 
2 


Evaluation of the term f v dp in Kq. (4) may be difficult if a compres- 


1 
sible fluid is flowing through the system, because the exact path of the 
compression or expansion is often unknown. For noncompressible fluids 
however, the specific volume v remains essentially constant and the ental 
gral term reduces simply to v(p2z — p). Consequently, the total mechani- 


*The mechanical work W, is equal to the total shaft work W minus the amount of 
energy transmitted to the fluid as a result of pump friction or pump inefficiency. When 
W, is used in the total mechanical-energy balance, pump friction is not included in the 
term for the mechanical-energy loss due to friction F. 
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cal-energy balance is especially useful and easy to apply when the flowing 
fluid can be considered as noncompressible. 

Friction. Frictional effects are extremely important in flow processes. 
In many cases, friction may be the main cause for resistance to the flow 
of a fluid through a given system. Consider the common example of water 
passing through a pipe. If no frictional effects were present, pipes of very 
small diameters could be used for all flow rates. Under these conditions, 
the pumping-power costs for forcing 100,000 gal of water per hour through 
a }g-in.-diameter pipe would be the same as the power costs for forcing 
water at the same mass rate through a pipe of equal length having a diam- 
eter of 2 ft. In any real flow process, however, frictional effects are present, 
and they must be taken into consideration. 

When a fluid flows through a conduit, the amount of energy lost due to 
friction depends on the properties of the flowing fluid and the extent of 
the conduit system. For the case of steady flow through long straight pipes 
of uniform diameter, the variables that affect the amount of frictional losses 
are the velocity at which the fluid is flowing (V), the density of the fluid (9), 
the viscosity of the fluid (u), the diameter of the pipe (D), the length of the 
pipe (L), and the equivalent roughness of the pipe (e). By applying the 
method of dimensional analysis to these variables, the following expression, 
known as the Fanning equation, can be obtained for the frictional effects in 
the system: 

72 
rete eee (5) 
p gcD 

The friction factor f is based on experimental data and has been found 
to be a function of the Reynolds number and the relative roughness of the 
pipe (e/D). Figure 14-1 presents a plot of the friction factor versus the 
Reynolds number in straight pipes. In the viscous-flow region, the friction 
factor is not affected by the relative roughness of the pipe; therefore, only 
one line is shown in Fig. 14-1 for Reynolds numbers up to about 2100. In 
the turbulent-flow region, the relative roughness of the pipe has a large 
effect on the friction factor. Curves with different parameters of the 
dimensionless ratio «/D are presented in Fig. 14-1 for values of Reynolds 
numbers greater than 2100. A table on the plot indicates values of e for 
various pipe-construction materials. As the methods for determining f do 
not permit high accuracy (+10 per cent), the value of the friction factor 
should not be read to more than two significant figures, and Fig. 14-1 
gives adequate accuracy for determining the numerical size of the friction 
factor. ann 

The values for equivalent pipe roughness given in Fig. 14-1 are only 
approximations, even for new pipe, and the values may increase because 
of surface pitting and corrosion after the pipe 1s in service. The design 
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engineer, therefore, should recognize the inherent inaccuracies in estimat- 
ing the effects of pipe roughness, and this matter should be taken into con- 
sideration when the final design is prepared. 

Curves similar to Fig. 14-1 are sometimes presented in the literature 
with a different defining value of f. For example, mechanical engineers 
usually define the friction factor so that it is exactly four times the friction 
factor given in Kq. (5). 

The Reynolds number range between 2100 and 4000 is commonly desig- 
nated as the critical region. In this range, there is considerable doubt as 
to whether the flow is viscous or turbulent. For design purposes, the 
safest practice requires the assumption that turbulent flow exists at all 
Reynolds numbers greater than 2100. 

A mathematical expression for the friction factor can be obtained from 
the equation for the straight line in the viscous-flow region of Fig. 14-1. 
Thus, at Reynolds numbers below 2100 

16 16u " 
Nre DVp (6) 

Approximate equations showing the relationship between the friction 
factor and the Reynolds number in the turbulent-flow region have been 
developed. Three of these equations follow: 

For smooth pipe or tubes, 








f = 14 x 107° + 0.125(NRe)”*” (7) + 
0.046 
5 (Nre)? (7a) 
For new iron or steel pipe, 
0.04 
f ee (Vee) t* (8) 


Integrated Form of the Fanning Equation. If the linear velocity, density, 
and viscosity of the flowing fluid remain constant and the pipe diameter is 
uniform over a total pipe length L, Eq. (5) can be integrated to give the 
following result: 
= Apy 2V7L 

p gcD 

In a strict sense, Eq. (9) is limited to conditions in which the flowing 
fluid is noncompressible and the temperature of the fluid is constant. 
When dealing with compressible fluids, such as air, steam, or any gas, it is 








F = (9) 


* Substitution of this expression for f into Eq. (5) results in the well-known Hagen- 


Poiseuille law for viscous flow. 
+ T. B. Drew, E. C. Koo, and W. H. McAdams, Trans. AIChE, 28:56 (1933). 


262 PLANT DESIGN AND ECONOMICS FOR CHEMICAL ENGINEERS 


good engineering practice to use Eq. (9) only if the pressure drop over the 
system is less than 10 per cent of the initial pressure. If a change in the 
fluid temperature occurs, Eq. (9) should not be used in the form indicated 
unless the total change in the fluid viscosity is less than approximately 50 
per cent based on the maximum viscosity.*¢ If Eq. (9) is used when 
pressure changes or temperature changes are involved, the best accuracy is 
obtained by using the linear velocity, density, and viscosity of the fluid as 
determined at the average temperature and pressure. Exact results for 
compressible fluids or nonisothermal flow can be obtained from the Fanning 
equation by integrating the differential expression, taking all changes into 
consideration. 

For turbulent flow in a conduit of noncircular cross section, an equiva- 
lent diameter can be substituted for the circular-section diameter, and the 
equations for circular pipes can then be applied without introducing a large 
error. This equivalent diameter is defined as four times the hydraulic 
radius Ry, where the hydraulic radius is the ratio of the cross-sectional 
flow area to the wetted perimeter. When the flow is viscous, substitution 
of 4Ry for D does not give accurate results, and exact expressions relating 
frictional pressure drop and velocity can be obtained only for certain con- 
duit shapes. 

Frictional Effects Due to End Losses, Fittings, Orifices, and Other Installa- 
tions. If the cross-sectional area of a pipe changes gradually to a new 
cross-sectional area, the disturbances to the flow pattern can be so small 
that the amount of mechanical energy lost as friction due to the change 
in cross section is negligible. If the change is sudden, however, an ap- 
preciable amount of mechanical energy can be lost as friction. Similarly, 
the presence of bends, fittings, valves, orifices, or other installations that 
disturb the flow pattern can cause frictional losses. All of these effects 
must be included in the friction term appearing in the total mechanical- 
energy balance. Recommended expressions for evaluating the important 
types of frictional losses are presented in Table 1. 


* Over-all effects of temperature on the friction factor are more important in the 
streamline-flow range where f is directly proportional to the viscosity than in the turbu- 
lent-flow range where f is approximately proportional to y°?-!6, 

} For heating or cooling of fluids, a temperature gradient must exist from the pipe 
wall across the flowing fluid. E. N. Sieder and G. E. Tate, Ind. Eng. Chem., 28:1429 
(1936), have indicated a simplified design procedure for this case as follows: When 
temperature and viscosity changes must be taken into consideration, the friction fac- 
tor for use in Eq. (9) should be taken as the isothermal friction factor (Fig. 14-1) based 
on the arithmetic-average temperature of the fluid divided by a correction factor ¢ 
where @ = 1.1(u4a/uw)> when DG/uq is less than 2100 and @ = 1.02(ue/pp)? wher 
DG/ua is greater than 2100. [G = mass velocity, Ib/(hr) (sq ft of cross-sectional area); 
Ma = viscosity of fluid at average bulk temperature, lb/(sec)(ft); uw = viscosity of 
fluid at temperature of wall, Ib/(see) (ft).] 
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TABLE l. 
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EXPRESSIONS FOR EVALUATING FRICTIONAL LOSSES IN THE FLOW oF FLUIDS 


THROUGH CONDUITS 


For noncircular, cross-sectional area and turbulent flow, replace D by 4Ry = 4 
(cross-sectional flow area/wetted perimeter). 


General 
expression for 
frictional loss 


Friction 
caused by 


Flow through long 
straight pipe of 
constant cross- 
sectional area 


_ V2 dL 
ara i 


Limited expression and remarks 


For case in which fluid is essentially noncom- 
pressible and temperature is constant 
2 
py 2iV°L 
gcD 








Sudden enlarge- Pi aN (Vi — V2)? 
ment 2age 
Sudden contrac- ‘ein K.V2" 
‘ oe. ks 
tion 2age 
Fittings, valves, hee 2fV*Le 
etc. gcD 





The following values for a may be used in de- 
sign calculations: turbulent flow, a = 1; 
streamline flow, a = 0.5 


ed are 


= —b 


The following values for a may be used in de- 


sign calculations: turbulent flow, a = 1; 
streamline flow, a = 0.5 


A, Az 


For a 


Ag 
4 : —_ — 
a 0 (1.25 =) 


Ag = ( 2) 
= : Key a 
For ; > 0.715, K. = 0 ; 


For conical or rounded shape, K, = 0.05 


< 0.715, Ke 





L/D per fit- 
ting (dimen- 


sionless) 
ASS Gl O WA catels nin faints, oa Statue te ators 15 
90° elbows, std. radius.........0.+ 32 
90° elbows, medium radius........ 26 
90° elbows, long sweep.........0+ 20 
90° square elbows.............055 60 
180° close-return bends........... 75 


2 eee 
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TasLe 1. Expressions ror EvALuATING FRICTIONAL LOSSES IN THE FLOW OF FLUIDS 
THROUGH CoNnpuITs (Continued) 





Friction General 
caused by expression for - Limited expression and remarks 
frictional loss 

















L/D per fit- 
ting (dimen- 
sionless) 
Fittings, valves, ae 2;V°Le 180° medium-radius return bends. . 50 
etc. geD Tee (used as elbow, entering run). . 60 
Tee (used as elbow, entering branch) 90 
Couplings Haat, ota. oe Negligible 
Unni. Sg eas ee cit eee Negligible 
Gate valves, open................ 7. 
Globe valves, open............... 300 
Angle valves, open............... 170 
Water meters, disk............... 400 
Water meters, piston............. 600 
Water meters, impulse wheel... ... 300 
Sharp-edged —Aps = Fp Do Ap;(100) x 
orifice D Ap across orifice % 
Veter nae Fg eae 40 
OFF Sc ace See ac 52 
OS eta eee ee ee 63 
Sek ote cee 73 
QUA Oe As Seen aid 81 
OG sie Pad or eae ee 89 
OD tis Cae 2 eon eentys 95 
D <+D, 
a |e 
Measured Ap 
across orifice 
Rounded orifice Rs (Vo — V2)? | The following values for a may be used in design 
Qaqe calculations: turbulent flow, a = 1; stream- 


line flow, a = 0.5 


eee be eee 
$$ 
Venturi —Apy = Fp —Aps = 16 to Mo of total pressure drop from 
upstream section to venturi throat 
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Design Calculations of Power Requirements. Liquids. For noncom- 
pressible fluids, the integrated form of the total mechanical-energy balance 
reduces to 


r2 





W, = AZ+ a( ) + A(pv) + =F (10) 


2ag- 


where g is assumed to be numerically equal to g,.. Because the individual 
terms in Eq. (10) can be evaluated directly from the physical properties of 
the system and the flow conditions, the design engineer can apply this 
equation to many liquid-flow systems without making any major assump- 
tions. The following example illustrates the application of Eq. (10) for a 
design calculation of the size of motor necessary to carry out a given pump- 
ing operation. ; 


Example 1. Application of the Total Mechanical-energy Balance to Noncompressible- 
flow Systems. Water at 61°F is pumped from a large reservoir into the top of an over- 
head tank using standard 2-in.-diameter steel pipe (ID = 2.067 in.). The reservoir and 
the overhead tank are open to the atmosphere, and the difference in vertical elevation 
between the water surface in the reservoir and the discharge point at the top of the 
overhead tank is 70 ft. The length of the pipeline is 1000 ft. Two gate valves and 
three standard 90° elbows are included in the system. The efficiency of the pump is 40 
per cent. This includes losses at the entrance and exit of the pump housing. If the flow 
rate of water is to be maintained at 50 gpm and the water temperature remains con- 
stant at 61°F, estimate the horsepower of the motor required to drive the pump. 


Solution 


Basis: | lb of flowing water 
Total mechanical-energy balance between point 1 (surface of water in reservoir) and 


point 2 (just outside of pipe at discharge point): 


Ve Vz 
pn Pee ae ee d 


= + pov, — pi + 2F 
2ag¢ 2agc 





Points 1 and 2 are taken where the linear velocity of the fluid is negligible; therefore 








J 
=0 and = 0 
2 


pi = p2 = atmospheric pressure. 0; = 02, since liquid water can be considered as a 
noncompressible fluid. pv. — pivi = 0. Ze — Z, = 70 ft-lb force/lb mass (assuming 
J = J). 

Determination of friction: 

Conversion factors: 

7.48 gal = 1 cu ft 


60 sec = 1 min 


(50)(144) 


= — = 4.78 fps 
(60)(7.48)(2.067)°(0.785) 





Average velocity in 2-in. pipe = 


Viscosity of water at 61°F = 1.12 ep = (1.12)(0.000672) Ib/(ft)(see) 


Density of water at 61°F = 62.3 lb/cu ft 
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: (2.067) (4.78) (62.3) 
5 i ‘| = OU 68,000 
Reynolds number in 2-in. pipe (12)(1.12)(0.000672) 


« — (0.00015)(12) 
ithe 2.067 


= 0.00087 





Friction factor = f = 0.0057 (from Fig. 14-1) 


2)(7) (2.067 3)(32)(2.067) 
Total L, for fittings and valves = een o oer 


19 ft 


Friction due to flow through pipe and all fittings 
2FV°(L + Le) 
te es 
(2)(0.0057)(4.78)?(1000 ++ 19)(12) 
s (32.17)(2.067) 
= 47.9 ft-lb force/lb mass 


Friction due to contraction and enlargement (from Table 1) 
(0.5)(4.78)7 (4.78 — 0)? 
~ (2)(1)(82.17) * (2)(1)(32.17) 
= 0.53 ft-lb force /lb mass 


DF = 47.9 + 0.53 = 48.4 ft-lb force/lb mass 


From the total mechanical-energy balance, W, = theoretical mechanical energy neces- 
sary from pump = 70 + 48.4 = 118.4 ft-lb force/lb mass. 


Conversion factor: 
1 hp = 550 ft-lb force/sec 


(118.4)(50) (62.3) 


hp of motor ired to dri = —____—_____ = 3, 
np of motor required to drive pump (0.40) (60)(7.48) (550) 3.74 hp 
ft-lb force | gal | min | ft? | lb mass| sec (hp) 
Ib mass | min] see | gal ft? ft-lb force 

















A 4.0-hp motor would be adequate for a design estimate. 


Gases. Because of the difficulty that may be encountered in evaluating 
the exact integral of v dp and dF for compressible fluids, use of the total 
mechanical-energy balance is not recommended for compressible fluids when 
large pressure drops are involved. Instead, the total energy balance should 
be used if the necessary data are available. 

If g is assumed to be numerically equal to g., the integrated form of the 
total energy balance [Eq. (3)] can be written as 

V2 
w= az+ant+a(X_) —¢ (11) 
2age 


where h = enthalpy = u + pu, ft-lb force/Ib mass. 
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When Eq. (11) is applied in design calculations, information must be 
available for determining the change in enthalpy over the range of tem- 
perature and pressure involved. The following illustrative examples show 
how Eq. (11) can be used to calculate pumping power when compressible 
fluids are involved. 


Example 2. Application of Total Energy Balance for the Flow of an Ideal Gas. Ni- 
trogen is flowing under turbulent conditions at a constant mass rate through a long 
straight, horizontal pipe. The pipe has a constant inside diameter of 2.067 in. At an 
upstream point (point 1), the temperature of the nitrogen is 70°F, the pressure is 15 
psia, and the average linear velocity of the gas is 50 fps. At a given downstream 
point (point 2), the temperature of the gas is 140°F and the pressure is 50 psia. An 
external heater is located between points 1 and 2, and 10 Btu is transferred from the 
heater to each pound of the flowing gas. Except at the heater, no heat is transferred 
as such between the gas and the surroundings. Under these conditions, nitrogen may 
be considered to be an ideal gas, and the mean heat capacity C, of the gas is 7.0 
Btu/(Ib mole)(°F). Estimate the total amount of energy (as foot-pounds force per 
pound of the flowing gas) supplied by the compressor located between points 1 and 2. 


Solution 


BAsts: 1 lb of flowing nitrogen 
Total energy balance between points 1 and 2 for horizontal system and turbulent 
flow: 
V2" V7? 


W =ho —|h 
2 iT 9, 20. 








where V; = 50 fps and V2 = (50)(600)(15) /(530)(50) = 17 fps. 
Conversion factor: 
1 Btu = 778 ft-lb force 


Since nitrogen can be considered as a perfect gas, 


_ ((140 ~ 70)¢778) 


c 
—-h =—(T—-T 
he 1 ut‘ 2 ») 38 


= 13,600 ft-lb foree/Ib mass 


Q = (10)(778) ft-lb force/Ib mass 
W = total energy supplied by compressor 


(17)? (50)? 


G21  @~a21n 





13,600 + 


5790 ft-lb force/lb mass 


Example 3. Application of Total Energy Balance for the Flow of a Nonideal Gas 
(Steam Turbine). Superheated steam enters a turbine under such conditions that the 
enthalpy of the entering steam is 1340 Btu/Ib. On the same basis, the enthalpy of the 
steam leaving the turbine is 990 Btu/lb. If the turbine operates under adiabatic con- 
ditions and changes in kinetic energy and elevation potential energy are negligible, 
estimate the maximum amount of energy obtainable from the turbine per pound of 


entering steam. 
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Solution 

BASIS: 1 lb of entering steam 

For an adiabatic system and negligible change in potential and kinetic energies, the 
total energy balance becomes 


W = ho — hy = 990 — 1340 = —350 Btu/Ib of steam 


Maximum energy obtainable from the turbine = 350 Btu/Ib of steam. 


When the data necessary for application of the total energy balance are 
not available, the engineer may be forced to use the total mechanical- 
energy balance for design calculations, even though compressible fluids and 
large pressure drops are involved. ‘The following example illustrates the 
general method for applying the total mechanical-energy balance under 
these conditions. * 


Example 4. Application of the Total Mechanical-energy Balance for the Flow of a 
Compressible Fluid with High Pressure Drop. Air is forced at a rate of 15 lb/min 
through a straight, horizontal, steel pipe having an inside diameter of 2.067 in. The 
pipe is 3000 ft long, and the pump is located at the upstream end of the pipe. The 
air enters the pump through a 2.067-in.-ID pipe. The pressure in the pipe at the down- 
stream end of the system is 5 psig, and the temperature is 70°F. If the air pressure in 
the pipe at the entrance to the pump is 10 psig and the temperature is 80°F, determine 
the following: 

(a) The pressure in the pipe at the exit from the pump. 

(b) The mechanical energy as foot-pounds force per minute added to the air by the 
pump, assuming the pump operation is isothermal. 


Solution 


BASIS: 1 lb mass of flowing air 

Because the amount of heat exchanged between the surroundings and the system is 
unknown, the total energy balance cannot be used to solve this problem. However, an 
approximate result can be obtained from the total mechanical-energy balance. 

Designate point 1 as the entrance to the pump, point 2 as the exit from the pump 
and point 3 as the downstream end of the pipe. Under these conditions, the total 
mechanical-energy balance for the system between points 2 and 3 may be written as 


follows: 
Mi 3V dV e 3 FV? 
foa+f --for--f 7" (A) 
2 2 YJ 2 2 gcD ‘ 


The mass velocity G [as lb mass/(sec)(sq ft)] is constant, and 





V = @ 


dV =Gdv 


* For additional discussion and methods for integrating the total mechanical-energy 
balance when the flow of a compressible fluid and high pressure drop are involved see 
J. H. Perry, “Chemical Engineers’ Handbook,” 3d ed., McGraw-Hill Book Chingaay. 
Inc., New York, 1950; or J. M. Coulson and J. F. Richardson, “Chemical En vinperth 7 
vol. I, McGraw-Hill Book Company, Inc., New York, 1954. . F i 
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Eliminating V and dV from Eq. (A) and dividing by v? gives 








[2 dp -{ G? dv “it 2(G? dL 
2 A7cV 2  gcD os 
Assume that air acts as a perfect gas at the pressures involved, or 
RT 
v= — 
Up (C) 


where M = molecular weight of air = 29 lb/lb mole 
R = perfect-gas-law constant = 1545 (lb force/sq ft)(cu ft)/(Ib mole)(°R) 
T = temperature, °R 
Substituting Eq. (C) into Eq. (B) and integrating gives 


aie _@ ts Mave L 
PN Rd Ne P ia gcD 





(D) 


T ave represents the average absolute temperature between points 2 and 3, and tem- 
perature variations up to 20 per cent from the average absolute value will introduce 
only a small error in the final result. The error introduced by using a constant fayg 
(based on average temperature and pressure) instead of the exact integrated value is 
not important unless pressure variations are considerably greater than those involved 
in this problem. 

If the pump operation is isothermal, 72 = 80°F and Tayg = 75 + 460 = 535°R. 
Norse: If the pump operation were assumed to be adiabatic, a different value for Tavs 
would be obtained. 

At 535°R, 


Hair = 0.018 ep = (0.018)(0.000672) Ib /(sec) (ft) 


_ (5ya44y(4) man 
@ = Goye.oantay 7 10-77 /toeed(oa £8 
DG _ __(2.067)(10.77) 
Nre = ~~ = G9)@.018)(0.000672) — 
lk 
€ _ 0.00015)(12) _ 9 oggy 
D 2.067 


From Fig. 14-1, 
fave = 0.0052 


= (5 + 14.7)(144) = 2840 lb force/sq ft 
Since air is assumed to act as a perfect gas, 


vg Tsp, _((580)p2_— 
v Tops  (540)(2840) 2890 





Substituting into Eq. (D), 


29 (10.77)? po (2)(0.0052)(10.77)7(3000) (12) 


(2)(1545)(535) [po — (2840)"] = “3577” 2890 (32.17)(2.067) 
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By trial-and-error solution, 
(a) 


p2 = pressure in pipe at exit from pump 


6750 psf = 6759/4, psia = 47 psia 


(b) The mechanical energy added by the pump can be determined by making a total 
mechanical-energy balance between points 1 and 3: 


3 3V dV 3 3 
feat = { ow. — [oF (E) 
Bi 1 1 1 


age 





The friction term, by definition, includes all friction except that occurring at the 


pump. Therefore, 
3 3 
[or =f or 
1 2 














Vd Von sy dV 
aa fod +foa+f »— for (F) 
1 Qc 
Subtracting Eq. (A) from Eq. (F) gives 
- 2V dV 
f vdp + =. @) 
1 1 ce 


The value of if v dp depends on the conditions or path followed in the pump, and the 


integral can be sorlunted if the necessary p-v relationships are known. Although many 
pumps and compressors operate near adiabatic conditions, the pump operation will be 
assumed as isothermal in this example. 

For a perfect gas and isothermal compression, 


_ 7. _ (10.77)(359)(540)(14.7) _ 
Vi = Gn = “—~“o9(492)(@04.7) ~~ 8! fP8 





pr _ (87)(24.7) 
pe 47 


S 
to 
I 

= 

~ 
— 


= 46 fps 





(1545)(540) | oats (46)? - (87)? 
29 24.7 (2)(82.17) — (2)(32.17) 


= 18,400 ft-lb force/lb mass 


Wo = 








Mechanical energy added to the air by the pump, assuming the 
isothermal = (18,400)(15) = 276,000 ft-lb force /min. 

The total power supplied to the pump could be determined if the isothermal efficiency 
of the pump (including any end effects caused by the pump housing) were known. 


pump operation is 
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Piping Standards 


Pipe Strength. Iron and steel pipes were originally classified on the 
basis of wall thickness as standard, extra-strong, and double-extra-strong. 
Modern industrial demands for more exact specifications have made these 
three classifications obsolete. Pipes are now specified according to wall 
thickness by a standard formula for schedule number as designated by the 
American Standards Association. 

The bursting pressure of a thin-walled cylinder may be estimated from 
the following equation: 


Wrly 
yk nd 
De, 





(12) 


where P;, = bursting pressure (difference between internal and external 
pressures), psi 

Sr = tensile strength, psi 

tm = minimum wall thickness, in. 

D,,», = mean diameter, in. 
A safe working pressure P, can be evaluated from Eq. (12) if the tensile 
strength is replaced by a safe working fiber stress S,. 

Sat 


P, = 1s 
D, (13) 





Schedule number is defined by the American Standards Association as 
the approximate value of 


Ps 
1000 3 = schedule number (14) 


8 


For temperatures up to 250°F, the recommended safe working stress is 
9000 psi for lap-welded steel pipe and 6500 psi for butt-welded steel pipe. * 
If the schedule number is known, the safe working pressure can be esti- 
mated directly from Eq. (14). 

Ten schedule numbers are in use at the present time. These are 10, 20, 
30, 40, 60, 80, 100, 120, 140, and 160. For pipe diameters up to 10 in., 
schedule 40 corresponds to the former “standard” pipe and schedule 80 
corresponds to the former ‘“extra-strong” pipe. The original ‘‘double- 
extra-strong”’ pipe is not represented by a definite schedule number. 

Nominal Pipe Diameter. Pipe sizes are based on the approximate 
diameter and are reported as nominal pipe sizes. Although the wall thick- 


* For allowable stresses at other temperatures and for other materials of construc- 
tion, see J. H. Perry, “Chemical Engineers’ Handbook,” 3d ed., p. 1650, McGraw-Hill 
Book Company, Inc., New York, 1950. 
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ness varies depending on the schedule number, the outside diameter of any 
pipe having a given nominal size is constant and independent of the schedule 
number. This permits the use of standard fittings and threading tools on 
pipes of different schedule numbers. A table showing outside diameters, 
inside diameters, and other dimensions for pipes of different diameters and 
schedule numbers is presented in the Appendix. 

Tubing. Copper tubing and brass tubing are used extensively in indus- 
trial operations. Other metals, such as nickel and stainless steel, are also 
available in the form of tubing. Although pipe specifications are based on 
standard nominal sizes, tubing specifications are based on the actual out- 
side diameter with a designated wall thickness. Conventional systems, 
such as the Birmingham wire gauge (BWG), are used to indicate the wall 
thickness. Common. designations of tubing dimensions are given in the 
Appendix. 

Fittings and Other Piping Auxiliaries. Threaded fittings, flanges, valves, 
flow meters, steam traps, and many other auxiliaries are used in piping 
systems to connect pieces of pipe together, change the direction of flow, 
regulate the flow, or obtain desired conditions in a flow system. Flanges 
are usually employed for piping connections when the pipe diameter is 3 
in. or larger, while screwed fittings are commonly used for smaller sizes. 
In the case of cast-iron pipe used as underground water lines, bell-and- 
spigot joints are ordinarily employed rather than flanges. 

The auxiliaries in piping systems must have sufficient structural strength 
to resist the pressure or other strains encountered in the operation, and the 
design engineer should provide a wide safety margin when specifying the 
ratings of these auxiliaries. Fittings, valves, steam traps, and similar items 
are often rated on the basis of the safe operating pressure as (a) low pres- 
sure (25 psi), (b) standard (125 psi), (c) extra-heavy (250 psi), or (d) hy- 
draulie (300 to 10,000 psi). Figure 14-2 shows examples of standard desig- 
nations used to indicate various types of fittings and auxiliaries in sketches 
of piping systems. 

Design of Piping Systems * 


The following items should be considered by the engineer when he is 
developing the design for a piping system: 


1. Choice of materials and sizes 

2. Effects of temperature level and temperature changes 
a. Insulation 
b. Thermal expansion 
c. Freezing 

3. Flexibility of the system for physical or thermal shocks 


. * For a detailed treatment of this subject, see M. W. Kellogg Co., “Design of Piping 
Systems,” 2d ed., John Wiley & Sons, Inc., New York, 1956. 


MATERIALS HANDLING AND TRANSFER EQUIPMENT 273 


fe 


Elbow Elbow Cross Y- branch Screw Flange 
union union 
Valve Valve Globe Gate Angle Check Automatic 
valve valve valve valve valve 


Color code for piping systems%,4 
nee E hE AU A Ue 
Fire protection.._...-________ Red 


PGAGErOUS Se Yellow (/ow-pressure steam) 
Orange (high-pressure steam) 
Brown (gas) 


BO) ioe soe Sa ey Green, aluminum, white (air), 
black (e/ectricity) 
gis at 3 phy Loe Blue (water) 
Radiation hazards \or extra 
WOOD 2) ieee eee Purple 


Fic. 14-2. Piping conventions for design drawings and piping systems. (a) (Standard 
A-13, “Scheme for Identification of Piping Systems,” ASME, American Standards Asso- 
ciation, New York.) (6) |D. E. Garrett and W. A. Jordan, Chem. Eng., 63(9):195 (1956).] 


sa 


Adequate support and anchorage 
Alterations in the system and the service 
Maintenance and inspection 

Ease of installation 

Auxiliary or stand-by pumps and lines 
Safety 

a. Design factors 

b. Relief valves and flare systems 


lel oe ae ac 


In the early years of industrial development in the United States, many 
plants buried their outside pipelines. The initial cost for this type of 
installation is low because no supports are required and the earth provides 
insulation. However, location and repair of leaks are difficult, and other 
pipes buried in the same trench may make repairs impossible. Above- 
ground piping systems in industrial plants have proved to be more eco- 
nomical than buried systems, and, except for major water and gas lines, 
most in-plant piping systems in new plants are now located above ground 
or in crawl-space tunnels. 

Thermal expansion and the resultant pipe stresses must be considered 
in any piping-system design. For example, if the temperature changes 
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TABLE 2. “RuLE-or-THUMB” Economic VELOCITIES FOR S1ziInc STEEL PIPELINES 





Turbulent Flow 








Reasonable 
Type of fluid velocity, 
fps 
Water’or similar to water............... 3-10 
Low-pressure steam (25 psig)........... 50-100 
High-pressure steam (100 psig up)....... 100-200 
Air at ordinary pressures (25-50 psig)... . 50-100 


The preceding values apply for motor drives. Multiply indicated velocities by 0.6 
to give reasonable velocities when steam turbine drives are used. 


Viscous Flow (Liquids) 


Reasonable velocity, fps 
Nominal pipe 
diameter, in. 
ue* = 50 | we = 100 | uw, = 1000 


1 1.5-3 1-2 0.3-0.6 
2 2.5-3.5 1.5-2.5 0.5-0.8 
+ 3.5-5.0 2.5-3.5 0.8-1.2 
BI Al aeacwrs 4.0-5.0 1.3-1.8 





* ue = viscosity, centipoises, 
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from 50 to 600°F, the increase in length would be 4.9 in. per 100 ft for 
steel pipe and 7.3 in. per 100 ft for brass pipe. This amount of thermal 
expansion could easily cause a pipe or wall to buckle if the pipe were 
fastened firmly at each end with no allowances for expansion. The neces- 
sary flexibility for the piping system can be provided by the use of expan- 
sion loops, changes in direction, bellows joints, slip joints, and other de- 
vices. 

The possibility of solidification of the fluid should not be overlooked in 
the design of a piping system. Insulation, steam tracing, and sloping the 
line to drain valves are methods for handling this type of problem. 

Water hammer may cause extreme stresses at bends in pipelines. Con- 
sequently, liquid pockets should be avoided in steam lines through the use 
of steam traps and sloping of the line in the direction of flow. Quick- 
opening or quick-closing valves may cause damaging water hammer, and 
valves of this type may require protection by use of expansion or surge 
chambers. 

A piping system should be designed so that maintenance and inspec- 
tion can be accomplished easily, and the possibility of future changes 
in the system should not be overlooked. Personal-safety considerations 
in the design depend to a large extent on the fluids, pressures, and tem- 
peratures involved. For example, an overhead line containing a corrosive 
acid should be shielded from open walkways, and under no conditions 
should an unprotected flange in this type of piping system be located im- 
mediately over a walkway. 

Pipe Sizing. The design engineer must specify the diameter of pipe 
that will be used in a given piping system, and economic factors must be 
considered in determining the optimum pipe diameter. Theoretically, the 
optimum pipe diameter is the one that gives the least total cost for annual 
pumping power and fixed charges with the particular piping system. Many 
short-cut methods have been proposed for estimating optimum pipe diam- 
eters, and some general “rules of thumb” for use in design estimates of 
pipe diameters are presented in T able 2. 

The derivation of equations for determining optimum economic pipe 
diameters is presented in Chap. 9 (Optimum Design). The following sim- 
plified equations [Eqs. (45) and (47) in Chap. 9] can be used for making 
design estimates: 

For turbulent flow (Npe > 2100) in steel pipes 


Dine es a.007 pb (15) 
For viscous flow (Nre < 2100) in steel pipes 


Di,opt = Bay tae: (16) 
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where D;.op: = optimum inside pipe diameter, in. 
qy = fluid flow rate, cfs 
p = fluid density, lb/cu ft 
u, = fluid viscosity, centipoises 

The preceding equations are the basis for the nomograph presented in 
Fig. 14-3, and this figure can be used for estimating the optimum diameter 
of steel pipe under ordinary plant conditions. Equations (15) and (16) 
should not be applied when the flowing fluid is steam, because the deriva- 
tion makes no allowance for the effects of pressure drop on the value of 
the flowing material. Equation (15) is limited to conditions in which the 
viscosity of the fluid is between 0.02 and 20 centipoises. 

Diameters estimated by Eqs. (15) and (16) or Fig. 14-3 are conservative 
in that they tend to be larger than the absolute optimum values. Conse- 
quently, the recommended design procedure is to choose the closest nominal 
diameter below the calculated value. 

The constants in Eqs. (15) and (16) are based on average cost and op- 
erating conditions. When unusual conditions are involved or when a more 
accurate determination of the optimum diameter is desired, the following 
equations can be used: 

For turbulent flow 


I 


1.32q/2-84p°84u0-18K (1 + J)H, ]t/ 4-84) 
ecm heeerneatrer a ait! te 
For viscous flow 
0.096q/2u-K(1 + J)H, 1/40 
ls Eames (18) 


where K = cost of power, $/kwhr 
J = frictional loss due to fittings and bends, expressed as equivalent 
fractional loss in a straight pipe 
H, = hours of operation per year 
X = purchase cost of new pipe per foot of pipe length if pipe diam- 
eter is 1 in., $/ft 
n = a constant with value dependent on type of pipe (purchase cost 
of new pipe per foot of pipe length = XD,”) 
F; = ratio of total costs for fittings and installation to purchase cost 
for new pipe; in an exact analysis, the cost for the pump and 
drive can also be included in F; 
K = efficiency of pump and drive, expressed as a fraction 
Kr = annual fixed charges including maintenance, expressed as a 
fraction of the initial cost for the completely installed piping 
system 
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Dp _ 38024%m 





Flow rate Reynolds number = — i Density Viscosity 
(92)(60) = d7m ? tHe (2) |(u,)co 
cu ft/min Ib/eu ft 
= Optimum inside 5000 
= 100,000 — giameter (Q;), inches 500 
Viscous 
50,000 Turbulent fiow 2000 
20,000 100 Method {000 
{00 
10,000 Turbulent flow Nee P2 2100 7 500 
ae 50 Connect values of 2 and Gym 50 
5000 by straight line to obtain 
optimum pipe diameter 200 
2000 Viscous flow Np, < 2100 20 {00 
1000 20 20 Connect values OF Ue and Vtm 10 a 
by straight line to obtain 
500 optimum pipe diameter 5; 
10 . Example 20 
200 Data: Stee/ pipe 3 D 10 =z 
100 5 5 Water flowing at 60°F = 2 
p= 62.4 lbf/cu ft ® { 9 $§ 
50 Ue= if 13cp = 3 
Flow rate =Q¢m =!Ocu ft/min ete Boe 
20 2 2 Assume turbulent flow. Connect 
{Q p*=624 ond Gtm =!0 to give 02 
. Dj optimum) = 310. 05 
> {0 - (JBO)N(62.4) (10) _ 7 O! 
bs (Z)(L/3) soa 02 
2 05 Flow is turbulent 0.05 : 
0.5 O1 
0.5 Bue 0,05 
coeatd Waa 0.01 
0.2 0.02 
; 0,005 
OA OA O1 0.01 
0,05 0002 + 0.005 
oat 0.001C go02 


Fic. 14-3. Nomograph for estimation of optimum economic pipe diameters with turbu- 
[Based on B. R. Sarchet and A. P. Colburn, Ind. Eng. Chem., 32:1249 


lent or viscous flow. 


(1940).| 
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Pipe Costs 


Although accurate costs for pipes, valves, and piping-system auxiliaries 
can be obtained only by direct quotations from manufacturers, the design 
engineer can often make satisfactory estimates from data such as those 
presented in Figs. 14-4 through 14-10. The cost information presented in 


CoM HZ 


30 














Core oy 
COE Pn 







Cost, $/ft of pipe length 






Pose ee 
i 2 ie [La eel ates eat aie Jan, 1957 


gl ee VE oe | eT 
03 105m 2 Ser ioreg 20 


Nominal diameter, inches 





Fic. 14-4. Approximate cost for long-run steel piping, installed with necessary valves 
and fittings. 


these figures covers the types of equipment most commonly encountered 
in industrial operations. For additional cost data on piping systems, the 
reader should refer to the tabulated “‘N-factor”’ results of Dickson,* manu- 
- facturers’ bulletins, and the various books and articles giving detailed in- 
formation on cost estimation. tf 


*R. A. Dickson, Pipe Cost Estimation, Chem. Eng., 57(1):123 (1950). 

+ O. T. Zimmerman and I. Lavine, ‘‘Chemical Engineering Costs,’”’ 1950; “Chemical 
Engineering Costs Quarterly” and “Cost Engineering,” Industrial Research Service, 
Dover, N.H. 

{ R.5. Aries and R. D. Newton, “Chemical Engineering Cost Estimation,’’ McGraw- 
Hill Book Company, Inc., New York, 1955. 


For galvanized pipe, increase cost 
for black stee/ pipe by 35% 


pop Cast iron (50%) 
ane a ae | | | ae | ee | || 


Ai 
eee Py Mita ates ators es 
Ele et ae AR Sem 


Eis Sh Aciel  LBD ee 


Steel, black (25%) i 
=| es Se pase 
JRE emu VTL ben 827 
—T | 


‘O2 0.5 20 
Shae pert ate 


Purchased cost, $/ft of pipe length 





Fia. 14-5. Cost for pipe. Size is standard unless otherwise indicated. (Figures in 
parentheses indicate installation cost as per cent of material costs.) 
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Fic. 14-6. Cost for standard pipe. (Figures in parentheses indicate installation cost as 
per cent of material costs.) 
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Purchased cost, $/ft of pipe length 














a REG 
aay Jan. 1957 


4 
0.2 0,5 { {0 
Nominal tee inches 




















Fra, 14-7. Cost for standard stainless-steel pipe and tubing. (Figures in parentheses 
indicate installation cost as per cent of material costs.) 


MATERIALS HANDLING AND TRANSFER EQUIPMENT 





































































et A fi iD 
Black stee/ 
valves (20%) 
VV 
anni 27, f, 
soll 7B es ey ag ie on ay. a 


|| 
CO 
ica aaa 


20 









Purchased cost, $/valve or $/fitting 





































== 
— ane { 2 4} 10 20 
Nominal diameter, inches 





‘ 
Fic. 14-8. Cost for standard fittings (tee) and standard valves (gate). 
parentheses indicate installation cost as per cent of material costs.) 
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(Figures in 
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Stainless steel, type 316 & 34 
a a %) 


Purchased cost, $/valve or -$/fitting 


SS,type B16 & 347, 
fittings (25%) 


minum fittings (50% 
| Yan: 1957 





Nominal diameter, inches 


Fig. 14-9. Cost for standard fittings (tee) and standard valves (gate). (Figures in 
parentheses indicate installation cost as per cent of material costs.) 
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Fic. 14-10. Cost for pipe insulation. (Figures in parentheses indicate installation cost 
as per cent of material costs.) 


Pumps 


Pumps are used to transfer fluids from one location to another. The 
pump accomplishes this transfer by increasing the pressure of the fluid 
and, thereby, supplying the driving force necessary for flow. Power must 
be delivered to the pump from some outside source. Thus, electrical or 
steam energy may be transformed into mechanical energy which is used to 
drive the pump. Part of this mechanical energy is added to the fluid as 
work energy, and the rest is lost as friction due to inefficiency of the pump 
and drive. 

Although the basic operating principles of gas pumps and liquid pumps 
are similar, the mechanical details are different because of the dissimilarity 
in physical properties of gases and liquids. In general, pumps used for 
transferring gases operate at higher speeds than those used for liquids, and 
smaller clearances between moving parts are necessary for gas pumps be- 
cause of the lower viscosity of gases and the greater tendency for the oc- 
currence of leaks. 

The different types of pumps commonly employed in industrial opera- 
tions can be classified as follows: * 

* For a detailed discussion on different types of pumps, see J. H. Perry, “Chemical 
Engineers’ Handbook,” 3d ed., McGraw- Hill Book Company, Inc., New York, 1950; 
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1. Reciprocating or positive-displacement pumps with valve action: pis- 
ton pumps, diaphragm pumps, plunger pumps 

2. Rotary positive-displacement pumps with no valve action: gear 
pumps, lobe pumps, serew pumps, eccentric-cam pumps, metering pumps 

3. Rotary centrifugal pumps with no valve action: open impeller, closed 
impeller, volute pumps, turbine pumps 

4. Air-displacement systems: air lifts, acid eggs or blow cases, Jet pumps, 
barometric legs 

Many different factors can influence the final choice of a pump for a par- 
ticular operation. The following list indicates the major factors that gov- 
ern pump selection: 

1. The amount of fluid that must be pumped. This factor determines 
the size of pump (or pumps) necessary. 

2. The properties of the fluid. The density and the viscosity of the 
fluid influence the power requirements for a given set of operating condi- 
tions; corrosive properties of the fluid determine the acceptable materials 
of construction. If solid particles are suspended in the fluid, this factor 
dictates the amount of clearance necessary and may eliminate the possi- 
bility of using certain types of pumps. 

3. The increase in pressure of the fluid due to the work input of the 
pump. The head change across the pump is influenced by the inlet and 
downstream-reservoir pressures, the change in vertical height of the de- 
livery line, and frictional effects. This factor is a major item in deteriin- 
ing the power requirements. 

4. Type of flow distribution. If nonpulsating flow is required, certain 
types of pumps, such as simplex reciprocating pumps, may be unsatisfac- 
tory. Similarly, if operation is intermittent, a self-priming pump may be 
desirable, and corrosion difficulties may be increased. 

5. Type of power supply. Rotary positive-displacement pumps and 
centrifugal pumps are readily adaptable for use with electric-motor or 
internal-combustion-engine drives; reciprocating pumps can be used with 
steam or gas drives. 

6. Cost and mechanical efficiency of the pump. 

Reciprocating Pumps. A reciprocating piston pump, as illustrated in 
Figs. 14-11 and 14-12, delivers energy to a flowing fluid by means of a 
piston acting through a cylinder. Although steam is often employed as 
the source of power for this type of pump, the piston can be activated by 
other means, such as a rotating crankshaft operated by an electric motor. 
Thus, reciprocating piston pumps can be classified as steam pumps or power 





G. G. Brown et al., “Unit Operations,”” John Wiley & Sons, Ine., New York, 1950; 
J. M. Coulson and J. F, Richardson, “Chemical Engineering,” vol. I, MeGraw-Hill 
Book Company, Inc., New York, 1954: F. A. Kristal and F. A. Annett, “Pumps,” 2d 
ed., MeGraw-Hill Book Company, Inc., New York, 1953. . ie} 


MATERIALS HANDLING AND TRANSFER EQUIPMENT 285 





b - ec 


Fig. 14-11. Reciprocating, double-acting, simplex piston pump. (Worthington Pump 
and Machinery Corporation.) 








ath 


NB: 3) 





a ato 





Fie. 14-12. Cutaway view of reciprocating, double-acting, simplex piston pump. 
(Worthington Pump and Machinery Corporation. ) 
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pumps. They can also be classified as single-acting or double-acting de- 
pending on whether energy is delivered to the fluid on both the forward 
and backward strokes of the piston. 

Specifications for reciprocating steam pumps are expressed in abbrevi- 
ated form as diameter of the steam cylinder, diameter of the water cylin- 
der, and length of the piston stroke in inches. For example,a7 XK 44% X 12 
pump has a steam-cylinder diameter of 7 in., a water-cylinder diameter of 
4% in., and a stroke length of 12 in. In general, reciprocating steam 
pumps having stroke lengths less than 10 in. should not operate at more 
than 100 strokes per minute because of excessive wear. For longer stroke 
lengths, reasonable piston speeds are in the range of 50 to 90 fpm. 

In reciprocating steam pumps, the steam is not used expansively as in 
the common types of steam engines. Instead, essentially the full pressure 
of the steam is maintained throughout the entire stroke by keeping the 
steam-inlet ports fully open during the stroke. As the piston moves for- 
ward through the cylinder on the delivery side of the pump, the fluid is 
compressed and forced out of the cylinder. By a system of opening and 
closing valves, the piston can deliver energy to the fluid with every stroke. 

The rate of fluid discharge from the cylinder is zero at the beginning of 
a piston stroke and increases to a maximum value when the piston reaches 
full speed. If only one discharge cylinder is used, the flow rate will pulsate 
as indicated in Fig. 14-13a. These pulsations can be reduced by placing 
an air chamber on the discharge line as shown in Fig. 14-12 or by using a 
number of delivery cylinders suitably compounded. Simplex pumps have 
only one delivery cylinder, duplex pumps have two cylinders, and triplex 
pumps have three cylinders. As indicated in Fig. 14-13), the rate of dis- 
charge does not show large pulsations when a triplex pump is used. 


Discharge rate 
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Fira. 14-13. Discharge-rate curves for (a) simplex i 
3. scharge-rate eh simplex, double-acting pump : ‘iplex 
single-acting pump. ee 
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The theoretical fluid displacement of a piston pump equals the total vol- 
ume swept by the piston on each delivery stroke. Because of leakage past 
the piston and the valves and failure of the valves to close instantly, this 
theoretical displacement is not attained in actual practice. The volumetric 
efficiency, defined as the ratio of the actual displacement to the theoretical 
displacement, is usually in the range of 70 to 95 per cent. 

When a steam pump is used, the pressure of the steam in pounds per 
unit area times the area of the piston would be the maximum force that 
could be exerted on the work-delivery piston if the machine were perfect 
and no friction were involved. However, friction is involved and work 
must be done on the liquid (or work-receiving fluid) under conditions in 
which the steam pressure is a finite amount greater than the liquid pres- 
sure. The ratio of the pressure theoretically required on the steam piston 
to the pressure actually exerted by the steam is known as the pressure 
efficiency or steam-end efficiency. It includes the effects of piston and rod 
friction, momentum changes in acceleration of the piston and fluid, and 
leakage of fluid past the piston. The pressure efficiency varies from about 
50 per cent for small pumps up to 80 per cent for large pumps. 

Another so-called efficiency, known as hydraulic efficiency, is sometimes 
given for reciprocating pumps. ‘This efficiency indicates losses due to 
velocity changes in the inlet and outlet of the pump, friction, and valves. 
It is defined as the ratio of the actual head across the pump to the sum of 
the actual head pumped and the losses in the suction and discharge lines. 

For pumps driven by electric motors, over-all efficiency is usually defined 
as the work done on the fluid divided by the electrical energy supplied to 
the motor. Attempts to apply this type of definition to the over-all effi- 
ciency of steam pumps can give misleading results because the term 
“energy supplied by the steam’? can have many meanings. For design 
estimates, an over-all efficiency for steam pumps is sometimes defined as 
the work done on the fluid divided by the ideal work that could have been 
obtained by the isentropic expansion of the steam from its initial tempera- 
ture and pressure to its exhaust pressure.* The numerical value of this 
type of over-all efficiency is significant only when the operating conditions 
are specified for the particular pump. 

Reciprocating pumps, in general, have the advantage of being able to 
deliver fluids against high pressures and operate with good efficiency over 
a wide range of operating conditions. A major disadvantage of piston and 
plunger pumps is that they cannot be used with fluids which contain 
abrasive solids. Reciprocating diaphragm pumps, however, are satisfac- 
tory for handling fluids with large amounts of suspended solids at low 
heads. 


*R. M. Braca and J. Happel, Chem. Eng., 60(1):180 (1953). 
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Rotary Positive-displacement Pumps. Pumps of this type combine a 
rotary motion with a positive displacement of the fluid. A common type 
of rotary gear pump is illustrated in Fig. 14-14. Two intermeshing gears 
are fitted into a casing with a sufficiently close spacing to seal off effectively 
each separate tooth space. As the 
gears rotate in opposite directions, 
fluid is trapped in each tooth space 
and is delivered to the exit side of 
the pump. Similar results can be ob- 
tained by using a rotating eccentric 
cam or separately driven impellers 
having several lobes. 

No priming is required with rotary 
positive pumps, and.they are well 
adapted for pumping highly viscous 
fluids. A constant rate of delivery is 
obtained, and the fluid may be de- 
livered at high pressures. Because of 
the small clearance that must be maintained, this type of pump should 
not be used with nonlubricating fluids or with fluids containing solid 
particles. 

Rotary Centrifugal Pumps. In a centrifugal pump, as illustrated in 
Fig. 14-15, the fluid is fed into the pump at the center of a rotating im- 





Fic. 14-14. Cutaway view of external 
gear (rotary) pump. 





Fra. 14-15. Centrifugal pump and motor. (Worthington Pump and Machinery Corpora- 
lion.) | 


peller and is thrown outward by centrifugal force. The fluid at the outer 
periphery of the impeller attains a high velocity and, consequently, high 
kinetic energy. The conversion of this kinetic energy into pressure energy 

" > > 
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supplies the pressure difference between the suction side and the delivery 
side of the pump. j 

Different forms of impellers are used in centrifugal pumps. One com- 
mon type, known as a closed impeller, consists of a series of curved vanes 
attached to a central hub and extending outward between two enclosing 
plates. An open impeller is similar, except that there are no enclosing 
plates. Impellers of this type are used in volute pumps, which are the 
simplest form of centrifugal pumps. 

Energy losses caused by turbulence at the point where the liquid path 
changes from radial flow to tangential flow in the pump casing can be de- 
creased by using so-called turbine pumps. With this type of centrifugal 
pump, the liquid flows from the impeller through a series of fixed vanes 
forming a diffusion ring. The change in direction of the fluid is more 
gradual than in a volute pump, and a more efficient conversion of kinetic 
energy into pressure energy is obtained. 

For an ideal centrifugal pump, the speed of the impeller (V rpm) should 
be directly proportional to the rate of fluid discharge (q gpm), or 


Mou 
Ne q2 


The head (or pressure difference) produced by the pump is a function of 
the kinetic energy developed at the point of release from the impeller. 
The head developed by an ideal pump, therefore, should be directly pro- 
portional to the square of the impeller speed: 
Head, “Pe N;’ 


Head. qo” N2? 


(19) 





(20) 


The power required for a perfect pump is directly proportional to the 
product of the head and the flow rate; therefore, 
Powers gi? Ni? en 
Powerg q°> No? 

The preceding equations apply for the ideal case in which there are no 
frictional, leakage, or recirculation losses. In any real pump, however, 
these losses do occur, and their magnitudes can be determined only by 
actual tests. As a result, characteristic curves are usually supplied by 
pump manufacturers to indicate the performance of any particular cen- 
trifugal pump. Figure 14-16 shows a typical set of characteristic curves 
for a centrifugal pump. 

The ratings of centrifugal pumps are ordinarily based on the head and 
capacity at the point of maximum efficiency. The size of the pump is usu- 
ally specified as the diameter of the discharge opening. The rating for the 
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Viscosity 
1 centistoke 


energy delivered to the 


Brake horsepower = 
pump per unit time 


(pressure drop over pump) 
(density of fluid) 


Developed head, ft 








Efficiency, per cent = (useful 
energy absorbed per unit of 
time in the fluid leaving the 
pump/brake horsepower) {00 





V 
O 20 40 60 80 100 120 140 160 {180 200 
Capacity, gallons per minute 
Fic. 14-16. Characteristic curves for a typical centrifugal pump showing effect of fluid 
viscosity. 


pump referred to in Fig. 14-16 would be 140 gpm and a head of 40 ft if 
water is the fluid involved. From the data shown in Fig. 14-16, if the 
head is increased to 50 ft, the capacity will decrease to 80 gpm and the 
efficiency of the pump will decrease. The capacity could be decreased to 
80 gpm at a head of 40 ft by throttling the discharge so that a head of 50 
ft is actually generated within the pump, but this would result in a reduc- 
tion of the pump efficiency. Consequently, the design engineer should 
always attempt to give the necessary pump specifications as accurately as 
possible in order to obtain the correct pump which will operate at maximum 
efficiency. 

Figure 14-17 gives values that are suitable for design estimates of cen- 
trifugal-pump efficiencies. Because pump and driver efficiencies must both 
be considered when total power costs are determined, necessary design data 
on the efficiency of electric motors are presented in Fig. 14-18. 
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Fic. 14-17. Efficiencies of centrifugal pumps. 
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Fic. 14-18. Efficiencies of three-phase electric motors. 


The following list gives the major advantages and disadvantages of cen- 
trifugal pumps: 


Advantages 

1. They are simple in construction and cheap. 

2. Fluid is delivered at uniform pressure without shocks or pulsations. 

3. They can be coupled directly to motor drives. In general, the higher 
the speed, the smaller the pump and motor required for a given duty. 

4. The discharge line may be partly shut off or completely closed off 
without damaging the pump. 

5. They can handle liquid with large amounts of solids. 

6. There are no close metal-to-metal fits. 

7. There are no valves involved in the pump operation. 

8 Maintenance costs are lower than for other types of pumps. 


292 PLANT DESIGN AND ECONOMICS FOR CHEMICAL ENGINEERS 


Disadvantages 


1. They cannot be operated at high heads. 

2. They are subject to air binding and usually must be primed. 

3. The maximum efficiency for a given pump holds over a fairly narrow 
range of conditions. 

4, They cannot handle highly viscous fluids efficiently. 


Air-displacement Systems. The pumps discussed in the preceding sec- 
tions depend on the mechanical action 
(SEL —> discharge of pistons, impellers, plungers, or other 





oh 
















































; devices to move the fluid. Movement 
S u of fluids can also be accomplished by 
~ [ amen Sy the use of air pressure, and many types 
4 inlet of air-displacement systems have been 
; developed for this purpose. The most 
E common of these systems are air lifts, 
& A acid eggs, and jet pumps. ried 
3 Hy A diagram of a simple air lift is 
% | shown in Fig. 14-19. Compressed air 
3 a is introduced into the submerged end 
x i of the discharge pipe at a distance of 
is H,; {t below the liquid surface. Be- 


cause the air-and-liquid mixture is 
lighter than the liquid alone, the mix- 
ture rises through the discharge pipe 
Fig. 14-19. Diagram showing operat- and is expelled into an overhead re- 
ing principle of a simple air lift. ceiver at a distance of H; ft above the 

liquid surface. Although equations for 
the operation of an air lift can be developed theoretically,* the frictional 
effects are so complex that the following empirical equation is usually 
assumed for the design basis: f 


Via =08 a 
‘air = VU. : 2D 
C, log [((H, + 34) /34] oo 





where Vir is the cubic feet of free air (i.e., at normal atmospheric condi- 
tions) required to raise 1 gal of water, and C, has the following values: 


* J. M. Coulson and J. F. Richardson, ‘Chemical Engineering,” vol. I, MeGraw- 
Hill Book Company, Inec., New York, 1954. 
+ F. W. O'Neil, “Compressed Air Data,” 5th ed., pp. 188-191, Ingersoll-Rand Com- 


y 


pany, New York, 1954. 


MATERIALS HANDLING AND TRANSFER EQUIPMENT 














Recommended Ca 
Johnny value of (outside 
H;/(Hs + H,) | air line) 
20-125 0.65 348 
126-250 0.60 335 
251-400 0.50 296 
401-650 0.40 246 
651-700 0:35 216 


Acid eggs or blow cases are simply closed vessels with inlet and outlet 


lines and an air connection. 
liquid out through the discharge line. 
Operation of acid eggs is intermittent, 
and the elevation attained depends 
on the air pressure. Although these 
systems are inexpensive and easy to 
operate, they are inefficient. Their use 
is imited primarily to batchwise oper- 
ations with corrosive fluids. 

Jet pumps, employing water, steam, 
or gas as the operating medium, are 
often used for transferring fluids. 
The operating medium flows rapidly 
through an expanding nozzle and dis- 
charges into the throat of a venturi. 
As the operating medium issues from 
the nozzle, the high velocity head 
causes a decrease in the pressure head. 
If the resulting pressure is less than 
that of the second fluid at that point, 
the fluid will be sucked into the ven- 
turi throat along with the operating 
medium and discharged from the ven- 
turi outlet. 

Figure 14-20 illustrates a typical 
steam-jet ejector. 


Air is admitted to the vessel and forces the 
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Fig. 14-20. Longitudinal cross-sec- 
tional view of a typical steam-jet 


ejector. 


This type of jet pump is used to remove air, gases, 


or vapors from condensers and vacuum equipment, and the steam jets 
can be connected in series or parallel to handle larger amounts of gas or 
to develop a greater vacuum. The capacity of steam-jet ejectors is usually 
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reported as pounds per hour instead of on a volume basis. For design 
purposes, it is often necessary to make a rough estimate of the steam 
requirements for various ejector capacities and conditions. The data given 
in Table 3 can be used for this purpose. 


TasB.Le 3. Sream-ser AVERAGE CONSUMPTION OF STEAM AT 100 Psia in PouUNDS 
PER Hour *f 


For larger or smaller capacities, steam consumption is approximately proportional to the capacity. 


Suction pressure, in. Hg absolute 














Capacity 
Wt % net 
borane 0.5 1.0 Le 20 3.0 4.0 6.0 
condensables) 
Wt of gas- in gas-vapor ae 
vapor mixture mixture 3. 9- 3. 2- 9. "9. 2. 2. ie i 


Ben lads 1b yar stage | stage | stage | stage | stage | stage | stage | stage | stage | stage 






































10 100 73 99 59 70 58 50 42 38 58 36 
10 70 59 84 47 60 49 42 35 31 63 39 
10 40 45 68 33 47 38 32 26 23 68 41 
10 10 24 45 16 28 21 17 14 12 74 42 








* J. H. Perry, ‘‘Chemical Engineers’ Handbook,’’ 3d ed., McGraw-Hill Book Company, Inc., New York, 
1950. 


t For additional information, see P. Messina, J. J. Brown, and J. Bohnlofink, Chem. Eng., 61(1):161 
(1954); R. Frumerman, Chem. Eng., 63(6):197 (1956). 


Barometric-leg pumps are used for assisting in maintaining a vacuum 
when condensable vapors are involved. Auxiliary pumps are necessary to 
remove any fixed gases that may accumulate in the leg. For water con- 
densation, the leg usually empties into an open well, and the vertical length 
of the leg must be longer than 34 ft. 

Gas Compressors.* Movement of gases can be accomplished by use 
of fans, blowers, vacuum pumps, and compressors. Fans are useful for 
moving gases when pressure differences less than about 0.5 psi are involved. 
Centrifugal blowers can handle large volumes of gases, but the delivery 
pressure is limited to approximately 50 psig. Reciprocating compressors 
can be employed over a wide range of capacities and pressures, and they 
are used extensively in industrial operations. Sizes of reciprocating com- 
pressors ranging from less than 1 to 3000 hp are available, and some types 
can give delivery pressures as high as 4000 atm. 

Compressor efficiencies are usually expressed as isentropic efficiencies, 
i.e., on the basis of an adiabatic and reversible process. Isothermal efficien- 
cies are sometimes quoted, and design calculations are simplified when iso- 


For a series of articles giving detailed information on compressors, see Chem. Eng. 
vol. 63, no. 6, 1956. 
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thermal efficiencies are used. In either case, the efficiency is defined as the 
ratio of the power required for the ideal process to the power actually 
consumed. 

Because the energy necessary for an isentropic compression is greater 
than that required for an equivalent isothermal compression, the isentropic 
efficiency is always greater than the isothermal efficiency. For reciprocat- 
ing compressors, isentropic efficiencies are generally in the range of 60 to 
90 per cent and isothermal efficiencies are about 50 to 60 per cent. Multi- 
stage compression is necessary for high efficiency in most large compressors 
if the ratio of the delivery pressure to the intake pressure exceeds approxi- 
mately 5:1. 

Expressions for the theoretical power requirements of gas compressors 
can be obtained from the basic equations of thermodynamics. For an ideal 
gas undergoing an isothermal compression (pv = constant), the theoretical 
power requirement for any number of stages can be expressed as follows: 


Power = 70 In (23) 
1 


or hp = 3.03 X 10-°pigym, ne (24) 
1 


where Power = power requirement, ft-lb force/Ib mass 
pi = intake pressure, lb force/sq ft 
v1 = specific volume of gas at intake conditions, cu ft/Ib mass 
p2 = final delivery pressure, lb force/sq ft 
dim, = cubic feet of gas per minute at intake conditions 
Similarly, for an ideal gas undergoing an isentropic compression (pu¥ 
= constant), the following equations apply: 
For single-stage compressor 


I 





k p (k—1)/k 
Power = Pirr (2) — | (25) 
eae | Pi 
3.03 X 10->k Dah tari ie : 
hp > P1idfm, (2) —|l (26) 
| aie | Pi 


k T\%1 G&D) 
ed BAN errs be 27) 
P= »() nm) ( 
\k-1 po\ (F-VIk 
T, = 7,(*) = 1,(*2) i) 
Vo P1 
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For multistage compressor, assuming equal division of work between cylin- 


ders and intercooling of gas to original intake temperature, 





8,03 SCO cbs po\ k-V1kNs | 
hp = P1dim (2) — | (29) 
k—1 . Pi 
(k—1)/kN 
Laie al (2) (30) 
Pi 


where k = ratio of specific heat of gas at constant pressure to specific heat 
of gas at constant volume 

vo = specific volume of gas at final delivery conditions, cu ft/lb mass 

T, = absolute temperature of gas at intake conditions, °R 

T, = absolute temperature of gas at final delivery conditions, °R 

N, = number of stages of compression 

Cost of Pumping Machinery. Figures 14-21 through 14-23 give ap- 

proximate costs for different types of pumps, compressors, blowers, fans 
and motors. Although the data from these figures can be used for pre: 
liminary design estimates, firm estimates should be based on manufacturers 
quotations. 
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Fig. 14-21. Cost of centrifugal, rotary, and reciprocating pumps. 
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Fic. 14-22. Cost of reciprocating compressors, centrifugal blowers, and centrifugal fans, 
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Fic. 14-23. Cost of electric motors, 
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FLOW-MEASURING EQUIPMENT 


Orifice meters, venturi meters, rotameters, and displacement meters are 
used extensively in industrial operations for measuring the rate of fluid 
flow. Other flow-measuring devices, such as weirs, pitot tubes, anemom- 
eters, and wet-test meters, are also useful in industrial operations.* In 
general, orifice meters are the cheapest and most flexible of the various 
types of equipment for measuring flow rates. Despite the inherent disad- 
vantage of large permanent pressure drops with orifice installations, they 
are one of the most common types of flow-measuring equipment in indus- 
trial operations. Venturi meters are expensive and must be carefully pro- 
portioned and fabricated. However, they do not cause a large permanent 
pressure drop and are, therefore, very useful when power cost is an im- 
portant factor. 

Basic equations for the design and operation of orifice meters, venturi 
meters, and rotameters can be derived from the total energy balances pre- 
sented at the beginning of this chapter. The following equations apply 
when the flowing fluid is a liquid, and they also give accurate results for 
the flow of gases if the pressure drop caused by the constriction is less 
than 5 per cent of the upstream pressure: 

For orifice meters and venturi meters 





29-0(P1 — Pe) 


=> CS. z Sl 
- i — (8/81)? ae 
For rotameters 
Vp29(pp — 1/v)v 
Oe = CS2 (ee (32) 
Sp[1 = (S,/S1) ] 


where g; = flow rate, cfs 


C = coefficient of discharge 

S, = cross-sectional flow area at point of minimum cross-sectional 
flow area, sq ft 

S; = cross-sectional flow area in upstream section of duct before 
constriction, sq ft 

Jc = gravitational constant in Newton’s law of motion, 32.17 ft-lb 


mass/ (sec) (sec) (Ib force) 


* Detailed descriptions of various types of flow-measuring equipment and deriva- 
tions of related equations are presented in essentially all books dealing with chemical 
engineering principles. See G. G. Brown et al., “Unit Operations,” John Wiley & 
Sons, Inc., New York, 1950; and J. H. Perry, “Chemical Engineers’ Handbook.” 3d 
ed., McGraw-Hill Book Company, Inc., New York, 1950. , 


. 
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g = local gravitational acceleration, ft/(sec) (sec) 


v = average specific volume of fluid, cu ft/lb 
P: = static pressure in upstream section of duct before constriction, 
psf 
Pc = Static pressure at point of minimum cross-sectional flow area, 
psf 
V, = volume of plummet, cu ft 
Sp = maximum cross-sectional area of plummet, sq ft 


pp = density of plummet, lb/cu ft 

The value of the coefficient of discharge C for orifice meters depends on 
the properties of the flow system, the ratio of the orifice diameter to the 
upstream diameter, and the enter of the pressure-measuring taps. Values 
of C for sharp-edged orifice meters are presented in Fig. 14-24. These 
values apply strictly for pipe orifices with throat taps, in which the down- 
stream pressure tap is located one-third of one pipe diameter from the 
downstream side of the orifice plate and the upstream tap is located one 
pipe diameter from the upstream side. However, within an error of about 
5 per cent, the values of C indicated in Fig. 14-24 may be used for manom- 


eter taps located anywhere between the orifice plate and the hypothetical 
throat taps. 
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Fig. 14-24. Coefficients of discharge for square-edged orifices with centered circular 

openings and for rotameters. (Subscript o indicates “at orifice or at constriction,” and 
” 

subscript 1 indicates ‘‘at wpstream section.’’) 


Venturi meters usually have a tapered entrance with an interior total 
angle of 25 to 30° and a tapered exit with an interior angle of 7°. Under 
these conditions, the value of the coefficient of discharge may be assumed 
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to be 0.98 if the Reynolds number based on conditions in the upstream 
section is greater than 5000. 

Values of C for various plummet shapes in rotameters are presented in 
Fig. 14-24.* The Reynolds number applicable to the rotameter coefficient 
of discharge is based on the flow conditions through the annular opening 
between the plummet and the containing tube. The equivalent diameter 
for use in the Reynolds number is the difference between the diameter of 
the rotameter tube at the plummet location and the maximum diameter 


of the plummet. 


TANKS AND STORAGE EQUIPMENT 


Storage of liquid materials is commonly accomplished in industrial plants 
by use of cylindrical, spherical, or rectangular tanks. These tanks may be 
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Fia. 14-25. Cost of agitated tanks (including driving unit), storage tanks, and pressure 


tanks (cylindrical, 200 psig, or spherical, 100 psig). 


constructed of wood, concrete, or metal, with metal being the most com- 
mon material of construction. The design of storage vessels involves con- 


* Fischer and Porter Company, Catalog Section 98-A, Hatboro, Pa., 1947. 
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TaBLe 4, Design Equations ror Pressure VESSELS *f 


For pressures up to 3000 psi 


tm = Minimum wall thickness, in. 
P = maximum allowable internal pressure, psig 
S = maximum allowable working stress, psi 
Ey = efficiency of joints expressed as a fraction 
C, = allowance for corrosion, in. 
ro = outside radius of shell, in. 
r; = inside spherical or crown radius of head, in. 





Recommended design equations 


; Limiting conditions 
for vessels under internal pressure 8 2 




















For cylindrical el len es OTS 
7 or P = 0.3885SE7 
bm = SE, +04P + © 
For spherical shells tm = 0.356r, 
Pes Pro LC or P S 0.665SE 7 
™ ~ 28SE; + 0.8P ; 
For spherically dished heads Knuckle radius 
0.885Pr; C = 6% of inside 
tm = SE; — @1P + Ce crown radius 
For hemispherical heads tm S 0.3567; 
rae Pr; 4¢ or P S 0.665SE7 
m  QSE;z — 0.2P 
Recommended stress values 
Joint efficiencies 
Metal Temp., °F S, psi 
Lap-welded and Carbon steel — 20-650 13,750 
butt-welded with (SA-30-flange) 750 12,050 
backing strip = 850 8,350 
80 to 90% Stainless steel — 20-100 18,750 
Butt-welded with no (type 304) 600 14,900 
backing strip = 1000 12,500 
70 to 75% Stainless steel — 20-100 18,750 
(type 316) 600 17,100 
1000 14,000 
Copper (SB-11) 150 6,700 
400 2,500 
Aluminum (SB- 100 1,650 
179, 996A, O) 400 1,050 








* Based on 1952 ASME Code for Unfired Pressure Vessels. ¥ 
+ C. J. Major, Charts for Pressure Vessel Design, Chem. Eng., 62(4):172 (1955). 
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sideration of details such as size and number of openings, shape of heads, 
necessary temperature and pressure controls, and corrosive action of the 
contents. One of the major factors in the design is the wall thickness. The 
wall must be sufficiently thick to permit safe usage under all operating 


conditions. 

The necessary wall thickness for metal vessels is a function of (1) the 
ultimate tensile strength or the yield point of the metal at the operating 
temperatures, (2) the operating pressure, (3) the diameter of the tank, and 
(4) the joint or welding efficiencies.* Various codes are available which 
specify the conditions that must be met for different vessels. A summary 
of design equations and other information based on the ASME Code for 
Unfired Pressure Vessels is presented in Table 4. 

Cost data for agitated tanks,t storage tanks, and pressure tanks are 
shown in Fig. 14-25. 


NOMENCLATURE FOR CHAP. 14 


= coefficient of discharge for orifice or rotameter 

coefficient in air-lift design equation 

= allowance for corrosion, in. 

= heat capacity at constant pressure, Btu/(Ib mole)(°F) 

= diameter, ft 

; = inside diameter, in. 

= mean diameter, in. 

= orifice diameter, ft 

= efficiency of pump and drive, expressed as a fraction 

= efficiency of joints, expressed as a fraction 

= Fanning friction factor 

mechanical-energy loss due to friction, ft-lb force/Ib mass 

= frictional loss due to sudden contraction, ft-lb force/Ib mass 

= frictional loss due to sudden expansion, ft-lb force/Ib mass 

= ratio of total costs for fittings and installation to purchase cost for new pipe 
= local gravitational acceleration, ft/(sec)(sec) 

= conversion factor in Newton’s law of motion, 32.17 ft-lb mass/ (sec)(sec) (Ib force) 
= mass velocity, lb mass/(hr)(sq ft of cross-sectional area) 

= enthalpy, ft-lb force/lb mass 

= submergence, ft 

= lift, ft 

= hours of operation per year 

= frictional loss due to fittings and bends, expressed as equivalent fractional loss 
in a straight pipe 

ratio of specific heat at constant pressure to specific heat at constant volume 


La 
| 


Be EOE ry Sigs Sh ay ee oe 
ll 


=> 
Il 


*In the design of vacuum vessels, the ratio of length to diameter must also be taken 
into consideration. 

} For methods of calculating power requirements for agitators, see J. H. Perry 
“Chemical Engineers’ Handbook,” 3d ed., p. 1224, McGraw-Hill Book Company Ine. 
New York, 1950; or G. G. Brown et al., “Unit Operations,”’ p. 506, John Wiley & Sons 
Inc., New York, 1950. 


Re 


= 
eh zak 


aS 


~ 


Apy 


MATERIALS HANDLING AND TRANSFER EQUIPMENT 303 


cost of power, $/kwhr 

coefficient in expression for frictional loss due to sudden contraction 

annual fixed charges including maintenance, expressed as a fraction of the initial 
cost for the completely installed piping system 

length, ft 

fictitious length of straight pipe equivalent to the resistance of a pipe fitting of 
same nominal diameter as pipe, ft 

molecular weight, Ib mass 

a constant with value dependent on type of pipe 

speed of impeller, rpm 

Reynolds number, equals DV p/y, dimensionless 

number of stages of compression 

absolute pressure, lb force/sq ft 

static pressure at point of minimum cross-sectional flow area, lb force/sq ft 
maximum allowable internal pressure, psig 

bursting pressure, psig 

safe working pressure, psig 

rate of fluid discharge, gpm 

fluid-flow rate, cfs 

fluid-flow rate, cfm 

heat energy imparted as such to the fluid system from an outside source, ft-lb 
force/Ib mass 

inside spherical or crown radius of head, in. 

outside radius of shell, in. 

perfect-gas-law constant, 1545 (Ib force/sq ft)(cu ft) /(Ib mole)(°R) 

hydraulic radius, ft 

maximum allowable working stress, lb force/sq in. 

cross-sectional flow area in upstream section of duct before constriction, sq ft 
cross-sectional flow area at point of minimum cross-sectional flow area, sq ft 
maximum cross-sectional area of plummet, sq ft 

safe working fiber stress, lb force/sq in. 

tensile strength, lb force/sq in. 

minimum wall thickness, in. 

temperature, °R 

internal energy, ft-lb force/Ib mass 

specific volume of fluid, cu ft/lb mass 

average linear velocity, fps 

volume of free air required in air lift to raise 1 gal of water, cu ft/gal 
instantaneous or point linear velocity, fps 

average linear velocity through orifice, fps 

volume of plummet, cu ft 

shaft work, gross work input to the fluid system from an outside source, ft-lb 


force/lb mass 
mechanical work imparted to the fluid system from an outside source, ft-lb 


force/lb mass 
purchase cost of new pipe per foot of pipe length if pipe diameter is 1 in., $/ft 


vertical distance above an arbitrarily chosen datum plane, ft 


Greek Symbols 


alpha, correction coefficient to account for use of average velocity 
change in pressure due to friction, lb force/sq ft 
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« = epsilon, equivalent roughness, ft 

u = mu, absolute viscosity of fluid, Ib mass /(ft)(sec) 

= absolute viscosity of fluid at average bulk temperature, Ib mass/(ft)(sec) 

ue = absolute viscosity of fluid, centipoises 

= absolute viscosity of fluid at average temperature of wall, lb mass/(ft)(sec) 

p = rho, density of fluid, lb mass/cu ft 

= density of plummet, Ib mass/cu ft 

¢ = phi, correction factor for nonisothermal flow = 1.1(ua/pw)"?? when DG/ua is 
less than 2100 and 1.02(ua/uw)?!* when DG/ua is greater than 2100 


PROBLEMS 


1. A lean oil is to be used as the absorbing medium for removing a component of a 
gas. As part of the design for the absorption unit, it is necessary to estimate the size 
of motor necessary to pump the oil to the top of the absorption tower. The oil must 
be pumped from an open tank with a liquid level 10 ft above the floor and forced through 
150 ft of schedule number 40 pipe of 3-in. nominal diameter. There are five 90° elbows 
in the line, and the top of the tower is 30 ft above the floor level. The operating pres- 
sure in the tower is to be 50 psig, and the oil requirement is estimated to be 50 gpm. 
The viscosity of the oil is 15 centipoises, and its density is 53.5 lb/cu ft. If the efficiency 
of the pumping assembly including the drive is 40 per cent, what horsepower motor 
will be required? 

2. Hydrogen at a temperature of 20°C and a pressure of 200 psia enters a compressor 
where the pressure is increased to 600 psia. If the mechanical efficiency of the com- 
pressor is 55 per cent on the basis of an isothermal and reversible operation, calculate 
the pounds of hydrogen that can be handled per minute when the power supplied to 
the pump is 300 hp. Kinetic-energy effects can be neglected. 

3. For the conditions indicated in Prob. 2, determine the mechanical efficiency of 
the pump on the basis of adiabatic and reversible operation. A single-stage compressor 
is used, and the ratio of heat capacity at constant pressure to the heat capacity at con- 
stant volume for the hydrogen may be assumed to be 1.4. 

4, A steel pipe of 4-in. nominal diameter is to be used as a high-pressure steam line. 
The pipe is butt-welded, and its schedule number is 40. Estimate the maximum steam 
pressure that can be used safely in this pipe. 

5. A preliminary estimate is to be made of the total cost for a completely installed 
pumping system. A pipeline is to be used for a steady delivery of 250 gpm of water 
at 60°F. The total length of the line will be 1000 ft, and it is estimated that the theo- 
retical horsepower requirement (100 per cent efficiency) of the pump is 10.0 hp. Using 
the following additional data, estimate the total installed cost for the pumping system. 


Materials of construction—black steel (standard weights are satisfactory) 
Number of fittings (equivalent to tees) —40 

Number of valves (gate)—4 

Insulation—85 per cent magnesia, 11% in. thick 

Pump—centrifugal (no stand-by pump is needed) 

Motor—a-e, enclosed, 3-phase, 1800 rpm 





6. A centrifugal pump delivers 100 gpm of water at 60°F when the impeller speed 
is 1750 rpm and the pressure drop across the pump is 20 psi. If the speed is reduced 
to 1150 rpm, estimate the rate of water delivery and the developed head in feet if the 
pump operation is ideal. 
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7. A two-stage steam jet is to be used on a large vacuum system. It is estimated that 
20 lb of air must be removed from the system per hour. The leaving vapors will con- 
tain water vapor at a pressure equivalent to the equilibrium vapor pressure of water 
at 60°F. If a suction pressure of 2.0 in. Hg absolute is to be maintained by the jet, 
estimate the pounds of steam required per hour to operate the jet. 

8. The rate of flow of a liquid mixture is to be measured continuously. The flow 
rate will be approximately 40 gpm, and rates as low as 30 gpm or as high as 50 gpm can 
be expected. An orifice meter, a rotameter, and a venturi meter are available. On the 
basis of the following additional information, would you recommend installation of 
the orifice meter, the venturi meter, or the rotameter? Give reasons for your choice. 


Density of liquid = 58 lb/cu ft 

Viscosity of liquid = 1.2 centipoises 

Diameter of venturi throat = 1 in. 

Upstream diameter of venturi opening = 2 in. 

Manometers connected across the venturi and the orifice contain a nonmiscible liquid 
(sp gr = 1.56) in contact with the liquid mixture 

The maximum possible reading on these manometers is 15 in. 

Orifice is square-edged with throat taps 

Diameter of orifice opening = 1 in. 

Diameter of upstream chamber for orifice meter = 3 in. 


Calibration curve for rotameter is for water at 60°F and gives the following values: 


Rotameter Flow rate, 
reading cfm 
2.0 2.0 
4.0 4.0 
6.0 6.0 
8.0 8.0 


The density of the plummet in the rotameter is 497 lb/cu ft. 

9. A carbon-steel cylindrical storage tank with hemispherical heads has a side length 
of 36 ft and an inside diameter of 12 ft. All joints are butt-welded with backing strip. 
If the tank is to be used at a working pressure of 200 psig and a temperature of 80°F, 
estimate the necessary thickness of the side walls and the heads on the basis of the 1952 
ASME Code for Unfired Pressure Vessels. No corrosion allowance is necessary. Com- 
pare the side-wall thickness obtained with that obtained on the basis of the 1938 API- 
ASME Code for Unfired Pressure Vessels. (See Chap. 13, Prob. 6.) 

10. Estimate the cost of the steel for the storage tank considered in the preceding 
problem if the steel sheet costs $0.06 per pound. On the basis of the data presented in 
Fig. 14-25, estimate the fraction of the purchased cost of the tank that is due to the cost 


for the steel. 


CHAPTER 15 


HEAT-TRANSFER EQUIPMENT—DESIGN AND COSTS 


Equipment for transferring heat is used in essentially all the process 
industries, and the design engineer should be acquainted with the many 
different types of equipment employed for this operation. Although rela- 
tively few engineers are involved in the manufacture of heat exchangers, 
many engineers are directly concerned with specifying and purchasing 
heat-transfer equipment. Process-design considerations, therefore, are of 
particular importance to those persons who must decide which piece of 
equipment is suitable for a given process. 

Modern heat exchangers range from simple concentric-pipe exchangers 
to complex surface condensers with thousands of square feet of heating 
area. Between these two extremes are found the conventional shell-and- 
tube exchangers, coil heaters, bayonet heaters, extended-surface exchangers, 
furnaces, and many varieties of other equipment. Exchangers of the shell- 
and-tube type are used extensively in industry, and they are often named 
specifically for distinguishing design features. For example, U-tube, fin- 
tube, fixed-tubesheet, and floating-head exchangers are: common types of 
shell-and-tube exchangers. Figure 15-1 shows design details of a conven- 
tional two-pass exchanger of the shell-and-tube type. 

Intelligent selection of heat-transfer equipment requires an understand- 
ing of the basic theories of heat transfer and the methods for design calcu- 
lation. In addition, the problems connected with mechanical design, fabri- 
cation, and operation must not be overlooked. An outline of heat-transfer 
theory and design-calculation methods is presented in this chapter, together 
with an analysis of the general factors that must be considered in the selec- 
tion of heat-transfer equipment. 

Determination of appropriate coefficients of heat transfer is required for 
design calculations on heat-transfer operations. These coefficients can 
sometimes be estimated on the basis of past experience, or they can be cal- 
culated from empirical or theoretical equations developed by other workers 
in the field. Many semiempirical equations for the evaluation of heat- 
transfer coefficients have been published. Each of these equations has its 
limitations, and the engineer must recognize the fact that these limitations 
exist. A summary of useful and reliable design equations for estimating 
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Fig. 15-1. Two-pass shell-and-tube heat exchanger showing construction details. (Ross 
Heat Exchanger Division of American-Standard.) 


heat-transfer coefficients under various conditions is presented in this chap- 
ter. Additional relations and discussion of special types of heat-transfer 
equipment and calculation methods are presented in the numerous books 
and articles that have been published on the general subject of heat 
transfer.* 


BASIC THEORY OF HEAT TRANSFER 


Heat can be transferred from a source to a receiver by conduction, con- 
vection, or radiation. In many cases, the exchange occurs by a combination 
of two or three of these mechanisms. When the rate of heat transfer re- 
mains constant and is unaffected by time, the flow of heat is designated as 
being in a steady state; an unsteady state exists when the rate of heat trans- 
fer at any point varies with time. Most industrial operations in which 
heat transfer is involved are carried out under steady-state conditions. 
However, unsteady-state conditions are encountered in batch processes, 
cooling and heating of materials such as metals or glass, and certain types 
of regeneration, curing, or activation processes. 

* M. Jakob, “Heat Transfer,” vol. I, John Wiley & Sons, Inc., New York, 1949. 
D. Q. Kern, ‘Process Heat Transfer,” McGraw-Hill Book Company, Inc., New 


York, 1950. 
W. H. McAdams, ‘‘Heat Transmission,” 3d ed., McGraw-Hill Book Company, Inc., 


New York, 1954. . . 
P. J. Schneider, “Conduction Heat Transfer,” Addison-Wesley Publishing Com- 


pany, Cambridge, Mass., 1955. 
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Conduction. The transfer of heat through a fixed material is accom- 
plished by the mechanism known as conduction, The rate of heat flow by 
conduction is proportional to the area available for the heat transfer and 
the temperature gradient in the direction of the heat-flow path. The rate 
of heat flow in a given direction, therefore, can be expressed as 

dQ dt 


— = —kA — (1) 
dé dx 


where Q = amount of heat transferred in time @ hr, Btu 
k = the proportionality constant, designated as thermal conduc- 
tivity and defined by Eq. (1), Btu/(hr) (sq ft) (CF/ft) 
A = area of heat transfer perpendicular to direction of heat flow, 
sq ft 
t = temperature, °F 
x = length of conduction path in direction of heat flow, ft 
The thermal conductivity is a property of any given material, and its 
value must be determined experimentally. For solids, the effect of tem- 
perature on thermal conductivity is relatively small. Because the conduc- 
tivity varies approximately linearly with temperature, adequate design 
accuracy can be obtained by employing an average value of thermal con- 
ductivity based on the arithmetic-average temperature of the given ma- 
terial. Values of thermal conductivities for common materials at various 
temperatures are listed in the Appendix. 
For the common case of steady-state flow of heat, Eq. (1) can be ex- 
pressed as 


Q At 
pe eee! ftir ee (2) 
0 x 
where A,, = mean area of heat transfer perpendicular to direction of heat 
flow, sq ft 
q = rate of heat transfer, Btu/hr 
At = temperature-difference driving force, °F 
Convection. Transfer of heat by physical mixing of the hot and cold 
portions of a fluid is known as heat transfer by convection. The mixing 
can occur as a result of density differences alone, as in natural convection, 
or as a result of mechanically induced agitation, as in forced convection. 
The following equation is used as a basis for evaluating rates of heat 
transfer by convection: 


dQ) 
—=h)AAt ‘ 
do f (3) 


lhe proportionality constant h is designated as the heat-transfer coefficient, 
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and it is a function of the type of agitation and the nature of the fluid. 
The heat-transfer coefficient, like the thermal conductivity k, is often 
determined on the basis of experimental data. For steady-state condi- 
tions, Eq. (3) becomes 


q =hA At; (4) 


Radiation. When radiant heat energy is transferred from a source to 
a receiver, the method of heat transfer is designated as radiation. The 
rate at which radiant heat energy is emitted from a source is 


— = aeAT" . (5) 


where o = Stefan-Boltzmann constant * 
= 0.1713 X 1078 Btu/(hr)(sq ft)(°R)* 
€ = emissivity of surface 
A = exposed-surface area of heat transfer, sq ft 
T = absolute temperature, °R 

The emissivity depends on the characteristics of the emitting surface 
and, like the thermal conductivity and the heat-transfer coefficient, must 
be determined experimentally. Part of the radiant energy intercepted by 
a receiver is absorbed, and part may be reflected. In addition, the receiver, 
as well as the source, can emit radiant energy. 

The engineer is usually interested in the net rate of heat interchange 
between two bodies. Some of the radiated energy indicated by Eq. (5) 
may be returned to the source by reflection from the receiver, and the 
receiver, of course, emits radiant energy which can be partly or completely 
absorbed by the source. Equation (5), therefore, must be modified to ob- 
tain the net rate of radiant heat exchange between two bodies. The gen- 
eral steady-state equation is 


: Gils a T2\* 
q from body 1 to body 2 = 0.171A <* F'4,F x, ae 100 F4.F x, (6) 


100 


or, in an alternative form, 


rs T2\* 
q from body 1 to body 2 > 0.1714 (= = 100 FaFs (7) 


where A represents the area of one of the surfaces, /'4 is a correction factor 
based on the relative orientation of the two surfaces and the surface chosen 

*J A. Bearden and H. M. Watts, Phys. Rev., 81:73-81 (1951). Earlier references 
have commonly listed the experimental value of o as 0.173 X 10 8 Btu/(hr)(sq ft) 
(°R)4. 


310 PLANT DESIGN AND ECONOMICS FOR CHEMICAL ENGINEERS 


for the evaluation of A, and Fg is a correction factor based on the emissivi- 


ties and absorptivities of the surfaces. 
Table 1 indicates methods for evaluating /'4 and Fy for several simple 
cases. Table 2 lists the emissivities of surfaces commonly encountered in 


TaBLE 1. Vautues or Fy AND Fg FoR USE IN Ea. (7) 


€, = emissivity of surface 1 
€2 = emissivity of surface 2 


Assumptions: Base area is smooth and no direct self-radiation is intercepted by the 
base surface; separating medium between surfaces is nonabsorbing; emissivity is equal 
to absorptivity. 


Orientation of surfaces Area, A | F4 Fr 


Surface A; small compared with the totally en- 
closing surface A» (for example, heat loss from 


equipment to surroundings)................. Aj 1 € 
Two parallel planes of equal area when length | A;or Ag! 1 ; : 


and width are large compared with distance Srtntee t 
between planes 





Surface A, is a sphere with radius 7; inside a con- Aj 1 i = 
: : : Tie hel 
centric sphere with radius rg ( ) ( _ 1) 





Surface A, is a cylinder with radius r; inside a Ay 1 1 
concentric cylinder with radius rg when length —-+— (2 _ ) 
is large compared with diameter 





industrial operations. Additional tables, plots, and methods for evaluating 
the correction factors are available in the various texts and handbooks on 
heat transfer. 

The design engineer often encounters the situation in which a nonblack 
body is surrounded completely by a large enclosure containing a nonab- 
sorbing gas. An example would be a steam line exposed to the atmosphere. 
Under these conditions, little error is introduced by assuming that none of 
the heat radiated from the source is reflected to it, and Eq. (6) or (7) can 
be simplified to 


Ty : T> 4 
7 radiated from pipe = O.171A (=) _— (=) | 
t pi 1€1 100 100 (8) 


where subscript 1 refers to the pipe and subscript 2 refers to the surround- 
ings. It is often convenient to use Eq. (8) in the following form, analogous 
to the equation for heat transfer by convection: 


7 radiated from pipe = h,Ay At; = hrAy(T = T'2) (9) 
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TaBLE 2. Norma Emissivities oF VARIOUS SURFACES 
eee 








Surface Temperature, °F Emissivity 
Aluminum, polished plate................... 73 0.040 
Aluminum, rough plate..................... 78 0.055 
PeMUTICGUIE VRING er TNS foe a, Sosa oe oh, —s 0.3-0.6 
Aluminum-surfaced roofing.................. 100 OEoe 
PABLO - DADE tar ie ate oe esas do os es 100 0.93 
STA OR meas catenins Ak Bos aie asia 120-660 0.22 
SUA PHOMGIIN vptend eWay ahererasc aco eid ne Bohai w es 100-600 0.096 
Pirie DUIS hones tk a) a tes ca ss ie AA 0.80-0.95 
BACAR PERC ROPY SR ect le Or acing Scale Gicgeta Boe tae 0.75-0.90 
RENE 7 TIRICIBOC Wer Aoe Gah ghl su eves’ s Sie a A 77 0.78 
avon, Gast plate, SMOOt:s65 te <a esate only. 73 0.80 
Lin ug 0 1b geo ae Re a Pera 212 0.74 
POE RINAUOR 02. Ga Med cemar itis that x sd eeae ae 800 0.14 
ACK ly ALTA. (RACLIBOU, ser c9s34: 9 a 4:0: nipns aedcaleen’ old whos 75 0.28 
Diiekel, PUTEPOUBNOd & a. ig eee ws vaso ey 440 0.07 
710 0.087 
PUB aT bere ae ches a years ine tek sti sk Data wars 212 0.92-0.96 
TROP TORTIE Ett tl ye ee Meas AER ee 69 0.91 
PVE MDOMMUEG crete uate. ced < pcp sine ars Ae DO 100 0.022 
700 0.031 
Biol OUBNOU ho Oi. esas oes es Cie se ies 212 0.066 
PLGR MURCL OSIMIZO ose ae wits oan ele oa) 75 0.80 
IIA TS Wha tao eee ees Sin OE ECE NCR Sic Ce a roa 32 0.95 
212 0.963 
Zine, galvanized sheet iron, gray oxidized..... 75 0.276 


where h, is a fictitious heat-transfer coefficient based on the rate at which 
radiant heat leaves the surface of the pipe. Combination of Eqs. (8) and 
9) gives 


1 
r T, —T, (10) 
Equations (8), (9), and (10) are based on the assumption that none of 
the heat radiated from the source is reflected to it. This, of course, implies 
that the air surrounding the pipe has no effect. In other words, air is 
assumed to be nonabsorbing and nonreflecting. This assumption is essen- 
tially correct for gases such as oxygen, nitrogen, hydrogen, and chlorine. 
Other gases, however, such as carbon monoxide, carbon dioxide, sulfur 
dioxide, ammonia, organic gases, and water vapor, exhibit considerable 
ability to absorb radiant energy in certain regions of the infrared spectrum. 
Asa result, the design engineer who is dealing with heat transfer in furnaces 
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or other equipment in which absorbing gases are present may find it neces- 
sary to consider radiation from gases, as well as ordinary surface radiation. * 


Example 1. Combined Heat Transfer by Convection and Radiation. The OD of an 
uninsulated steam pipe is 4.5 in. The outside-surface temperature of the pipe is con- 
stant at 300°F, and the pipe is located in a large room where the surrounding tempera- 
ture is constant at 70°F. The heat content of the steam is valued at $0.50 per 10° Btu. 
The emissivity of the pipe surface is 0.7, and the heat-transfer coefficient for heat loss 
from the surface by convection is 1.4 Btu/(hr)(sq ft)(°F). Under these conditions, de- 
termine the cost per year for heat losses from the uninsulated pipe if the length of the 
pipe is 100 ft. 


Solution 
From Eq. (4), heat loss by convection = hA At, 


4 — B1NE-5)(100) _ 


11 ft 
rT 8 sq 
Aty = 300 — 70 = 230°F 


q convection = (1.4)(118)(230) = 38,000 Btu/hr 


From Eq. (8), 


4 4 
Heat lost by radiation = 0.171 A; [ (=) ~ (3) | 
100 100 
300 + aay é + =a 


= (0.171)(118)(0.7) | ( 100 100 


= 36,000 Btu/hr 


Yearly cost for heat losses per 100 ft of pipe 
in (38,000 + 36,000) (24)(365) (0.5) 
10° 





= $324 


Over-all Coefficients of Heat Transfer 


Many of the important cases of heat transfer involve the flow of heat 
from one fluid through a solid retaining wall into another fluid. This heat 
must flow through several resistances in series. The net rate of heat 
transfer can be related to the total temperature-difference driving force by 
employing an over-all coefficient of heat transfer U: thus, for steady-state 
conditions, 

q = UA Atoa (11) 


where At,, represents the total temperature-difference driving force. Be- 
cause there are usually several possible areas on which the numerical value 
of the over-all coefficient can be based, the units of U should melas a 
designation of the base area A. For example, if an over-all coefficient is 


For calculation me thods with nonluminous gases, see W. H. McAdams, ‘Heat 
ransmission,”’ 3d ed., MeGraw-Hill Book Company, Ine., New York, 1954 
A ; ] , 1954. 


HEAT-TRANSFER EQUIPMENT—DESIGN AND COSTS 


313 


TaBLeE 3. INDIviIpUAL HEAT-TRANSFER COEFFICIENTS TU AccoUNT FoR FOULING * 





ha for water, Btu/(hr)(sq ft) (°F) 





Temperature of heating medium: 


Temperature of water: 








Up to 240°F 


240-400°F 





125°F or less 


Above 125°F 





—— aati 











Water velocity, fps: 3and less} Over3 | 3 and less} Over 3 
BOC cat ee ce ie notte, 2 ey > 2000 2000 2000 2000 
SOM AWALEL Soren as chititao cies cle Oise 2000 2000 1000 1000 
Treated boiler feedwater............. 1000 2000 500 1000 
Treated make-up for cooling tower.... 1000 1000 500 500 
City, well, Great Lakes.........,.... 1000 1000 500 500 
Brackish, clean river water........... 500 1000 330 500 
River water: muddy, silty f.......... 330 500 250 330 
Hard (over 15 grains/gal)............ 330 330 200 200 
Chicago Sanitary Canal.............. 130 170 100 130 











ha for miscellaneous 
process services, 
Btu/(hr) (sq ft) (°F) 


Organic vapors, liquid gasoline... ..........-.- eee e eee eee ees 


Refined petroleum fractions (liquid), organic liquids, 
refrigerating liquids, brine, oii-bearing steam 
Distillate bottoms (above 25°API), gas oil or liquid 


naphtha below 500°F, scrubbing oil, refrigerant vapors, air (dust) 
Gas oil above 500°F, vegetable oil... 2... cent ee ee ees cee 
Liquid naphtha above 500°F, quenching oils... ..........- 0.5005 
Topped crude (below 25°API), fuel oil.....-. 6.6... essere ees 
Cracked residuum, coke-oven gas, illuminating gas............--- 


juice nn 


* “Standards of Tubular Exchanger Manufacturers Association,” 3d ed., New York, 


1952. 


2000 


1000 


500 
330 
250 
200, 
100 


+ Mississippi, Schuylkill, Delaware, and East Rivers and New York Bay. 
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based on the inside area of a pipe, the units of this U should be expressed 
as Btu/(hr)(sq ft of inside area) (°F). 

The over-all coefficient (including a dirt or fouling resistance) can be re- 
lated to the individual coefficients or resistances by the following equation: 

1 A A Ate A A (12) 
Ug WAy h" As Agee tgAge GAs. 
where A represents the base area chosen for the evaluation of Uz, and the 
primes refer to the different film resistances involved. 

Fouling Factors. After heat-transfer equipment has been in service 
for some time, dirt or scale may form on the heat-transfer surfaces, causing 
additional resistance to the flow of heat. To compensate for this possibility, 
the design engineer can include a resistance, called a dirt, scale, or fouling 
factor, when he determines an over-all coefficient of heat transfer. Equa- 
tion (12) illustrates the method for handling the fouling factor. In this 
case, the fouling coefficients h; and hj, are used to account for scale or dirt 
formation on the heat-transfer surfaces. 

Fouling factors, equivalent to 1/ha, are often presented in the literature 
for various materials and conditions. Values of ha for common process 
services are listed in Table 3. Because the scale or dirt resistance increases 
with the time the equipment is in service, some basis must be chosen for 
numerical values of fouling factors. The common basis is a time period 
of 1 year, and this condition applies to the values of hg presented in Table 
3. When the correct fouling factors are used, the equipment should be 
capable of transferring more than the required amount of heat when the 
equipment is clean. At the end of approximately 1 year of service, the 
capacity will have decreased to the design value, and a shutdown for clean- 
ing will be necessary. With this approach, numerous shutdowns for clean- 
ing individual units are not necessary. Instead, annual or periodic shut- 
downs of the entire plant can be scheduled, at which time all heat-transfer 
equipment can be cleaned and brought up to full capacity. . 











Mean Area of Heat Transfer 


The cross-sectional area of heat transfer A in Eq. (1) can vary appre- 
ciably along the length of the heat-transfer path 2. Therefore, the shape 
of the solid through which heat is flowing must be known before Eq. (1) 
can be integrated to give Eq. (2). The exact value for A, based on the 
limiting areas A; and Ag, follows for three cases commonly encountered in 
heat-transfer calculations: 

1. Conduction of heat through solid of constant cross section (example 
a large flat plate) 

A, + Ap 


An = Agrith. avg. > ieee a (13) 
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2. Conduction of heat through a solid when the cross-sectional area of 
heat transfer is proportional to the radius (example, a long hollow cylinder) 
A, —A 
An ae Age mean — <a eae (14) 
In (A; /Ag) 
ay Conduction of heat through a solid when the cross-sectional area of 
heat transfer is proportional to the square of the radius (example, a hollow 
sphere) 
Am = A geom. mean = WV A;A9 (15) 


When the value of A;/Ag (or Ag/A, if Ag is larger than A,) does not 
exceed 2.0, the mean area based on an arithmetic-average value is within 
4 per cent of the logarithmic-mean area and within 6 per cent of the geo- 
metric-mean area. This accuracy is considered adequate for most design 
calculations. It should be noted that the arithmetic-average value is re 
greater than the logarithmic mean or the geometric mean. 


Mean Temperature-difference Driving Force 


When a heat exchanger is operated continuously, the temperature differ- 
ence between the hot and cold fluids usually varies throughout the length 
of the exchanger. To account for this condition, Eqs. (4) and (11) can be 
expressed in a differential form as 


dq = hdA At; (16) 
dq = UdA Atoa (17) 


The variations in At and the heat-transfer coefficients must be taken 
into account when Eqs. (16) and (17) are integrated. Under some condi- 
tions, a graphical or stepwise integration may be necessary, but algebraic 
solutions are possible for many of the situations commonly encountered 
with heat-transfer equipment. 

Constant Heat-transfer Coefficient. The integrated forms of Eqs. (16) and 
(17) are often expressed in the following simplified forms: 


a hA Aly, (18) 
q = UA Alea, (19) 


where the subscript m refers to a mean value. Under the following condi- 
tions, the correct mean temperature difference is the logarithmic-mean 
value: 

1. U (or h) is constant. 

2. Mass flow rate is constant. 

3. There is no partial phase change. 

4. Specific heats of the fluids remain constant. 
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. Heat losses are negligible. 
Pca atiant is for counterflow, parallel flow, or any type of flow if 
he temperature of one of the fluids remains constant (phase change can 


occur) over the entire heat-transfer area. 
Atoa, a Aloas 
In (Alas toad 


(20) 





Atoam om Aloalog mean = 


where At,a, and At,a, represent the two terminal values of the over-all tem- 
perature-difference driving force. For design calculations, an arithmetic- 
average temperature difference can be used in place of the logarithmic- 
mean value if the ratio Alja,/Atoa, (or Atoa,/Atou, If Atoa, is greater than 
Atoa,) does not exceed 2.0. 
When multipass exchangers are involved and the first five conditions 
listed in the preceding paragraph apply, values for Afja,, can be obtained 










YS 
San 
(ea 
| | 


oan BSENeKe 
op FENDI 

5 CERES 
@ 7 ICICLE 
aA COC 


PT TST Pai TRAGEDY eV 
POET 





0.5 
O hee Wes”. 04 O85 OF. O8 PO98 40 
, A 
4 
' aed ie Atmean ee h- to Aa b-t; 
ty : At iog mean bh hint 
', 
2 


Fig. 15-2. Chart for determining correct, mean temperature-difference driving force for 
an exchanger with one shell pass and two or more even-numbered tube passes. (Cor- 
rection factor Fy is based on the Ajog mean for counterilow. If Fy is below 0.7, operation 
of the exchanger may not be practical.) 


by integrating Eq. (17) or, more simply, from plots that give the correct 
Aloa,, for various types of multipass exchangers as a function of the loga- 
rithmic-mean temperature difference for counterflow.*t{ Figure 15-2 is 


* J. H. Perry, ‘Chemical Engineers’ Handbook,” 3d ed., MeGraw-Hill Book Com- 
pany, Inc., New York, 1950. 

f “Standards of Tubular Exchanger Manufacturers Association,” 3d ed., New York, 
1952. 

{ These plots present graphically the results of integrating Eq. (17). 
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a plot of this type for the common case of an exchanger with one shell 
pass and two or more even-numbered tube passes. 

Variable Heat-transfer Coefficient. If the heat-transfer coefficient varies 
with temperature, one can assume that the complete exchanger consists of 
a number of smaller exchangers in series and that the coefficient varies 
linearly with temperature in each of these sections. When the last five 
conditions listed in the preceding section hold and the over-all coefficient 
varies linearly with temperature, integration of Eq. (17) gives 


aye Ata 
Cees eae (21) 
In (Gy "Atoa./ Ua Atoa,) 

The values of g and A in Eq. (21) apply to the section of the equipment 
between the limits indicated by the subscripts 1 and 2. Consequently, the 
total value of g or A for the entire exchanger can be obtained by summing 
the quantities for each of the individual sections. 


Unsteady-state Heat Transfer 


When heat is conducted through a solid under unsteady-state conditions, 
the following general equation applies: 


ot Tito at 0 al 0 at 
PS eg) nee) te 
00 pC, LOX Ox Oy Oy Oz Oz 


where cp is the heat capacity of the material through which heat is being 
conducted and x, y, and z represent the cartesian coordinates. The solu- 
tion of any problem involving unsteady-state conduction consists essen- 
tially in integrating Eq. (22) with the proper boundary conditions. 
For a homogeneous and isotropic material, Eq. (22) becomes 
at & fs 07 t is ) eh 
peta ee : : 
06 dz” Oy”—s 2?” 





gle eat 
where a = thermal diffusivity = k/pcp, ft"/hr. 

Many cases of practical interest in unsteady-state heat transfer involve 
one-dimensional conduction. For one-dimensional conduction in the x 
direction, Eq. (23) reduces to 

at 07t of 
eee 
00 Ox” 

Solutions of Eqs. (23) and (24) for various shapes and boundary condi- 
tions are available in the literature. The simplest types of problems are 
those in which the surface of a solid suddenly attains a new temperature 
and this temperature remains constant. Such a condition can exist only 
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if the temperature of the surroundings remains constant and there is no 
resistance to heat transfer between the surface and the surroundings (..e., 
surface film coefficient is infinite). Although there are few practical cases 
when these conditions occur, the solutions of such problems are of interest 
to the design engineer because they indicate the results obtainable for the 
limiting condition of the maximum rate of unsteady-state heat transfer. 


Wwe abo Sse = temperature of surface 
0.60 Sen es Re cee ee t= orginal temperature 
t =femperature at center at time @ 
CANS ea 
0.40 
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Fig. 15-3. Mid-point or mid-plane temperatures for unsteady-state heating or cooling 
of solids having negligible surface resistance. 


Figure 15-3 presents graphically the results of integrating the unsteady- 
state equations for a sudden change from a uniform surface and bulk tem- 
perature to a new constant surface temperature when the surface film coeffi- 
cient is infinite.* The reference temperature in this plot is at the center 
point, center line, or center plane, and results are presented for a slab, a 
square bar, a ae, a cylinder, and a sphere. 


* BE. D. Williamson and L. H. Adams, Phys. Rev., 14:99 (1919). 
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Example 2. Estimation of Minimum Time Required for Unsteady-state Cooling. A 
solid steel cylinder has a diameter of 3 ft and a length of 3 ft. The temperature of the 
cylinder is 1000°F. It is suddenly placed in a well-ventilated room where the tempera- 
ture of the room remains constant at 90°F. Estimate the minimum time (i.e., surface 
film coefficient is infinite) the cylinder must remain in the room before the temperature 
at the center can drop to 150°F. Assume the following values for the steel: k = 24.0 
Btu/(hr)(sq ft)(°F /ft); ep = 0.12 Btu/(Ib)(°F); p = 488 Ib/cu ft. 





Solution 
a = k/pcp = 24/(488)(0.12) = 0.41 ft?/hr 
i, = 90°F 
t = 150°F 
lor = 1000°F 
t, —t —60 
: ape 0.066 
bs. lop —910 
From Fig. 15-3, 
4aé 
D? (AZ 
0.42)(3)? 
= eons S95) ie 
(4)(0.41) 


The minimum time before temperature at center of cylinder can drop to 150°F = 
2.3 hr. 


Determination of Heat-transfer Coefficients 


Exact values of convection heat-transfer coefficients for a given situation 
can be obtained only by experimental measurements under the particular 
operating conditions. Approximate values, however, can be obtained for 
use in design by employing correlations based on general experimental data. 
A number of correlations that are particularly useful in design work are 
presented in the following sections. In general, the relationships applicable 
to turbulent conditions are more accurate than those for viscous condi- 
tions. Film coefficients obtained from the correct use of equations in the 
turbulent-flow range will ordinarily be within +20 per cent of the true 
experimental value, but values determined for viscous-flow conditions or 
for condensation, boiling, natural convection, and shell sides of heat ex- 
changers may be in error by more than 100 per cent. Because of the in- 
herent inaccuracies in the methods for estimating film coefficients, some 
design engineers prefer to use over-all coefficients based on past experience, 
while others include a large safety factor in the form of fouling factors or 
fouling coefficients. 

Film Coefficients for Fluids in Pipes and Tubes (No Change in Phase). 
The following equations are based on the correlations presented by Sieder 
and Tate: * 


* 3. N. Sieder and G. E. Tate, Ind. Eng. Chem., 28:1429 (1936). 
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For viscous flow (DG/n < 2100), 


h,;D DGc D 14 0.14 . Awe ly u 0.14 
= 186 ( std ) (*) = 1,86 (=) (+ (25) 
k iy ened ihap rk Ue 


For turbulent flow above the transition region (DG/p > 10,000), 


h;D DG 0.8 C We 0.14 
oo 
M Mw 


For transition region (DG/n = 2100 to 10,000), see Fig. 15-4, 








where D = diameter of pipe or tube (inside), ft 
G = mass velocity inside tube, lb/(hr)(sq ft of cross-sectional area) 
Cp = heat capacity of fluid at constant pressure, Btu/ (lb) (°F) 
u = viscosity of fluid (subscript w indicates evaluation at wall 
temperature), lb/(hr) (ft) 
L = heated length of straight tube, ft 
w = weight rate of flow per tube, lb/hr 
, w, and c, are evaluated at the average bulk temperature of the 
fluid 
Equations (25) and (26) are applicable for organic fluids, aqueous solu- 
tions, water, and gases. The two equations are plotted in Fig. 15-4 to 
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Fic. 15-4, Plot for estimating film coefficients for fluids flowing in pipes and tubes, 


[Based on Eqs. (25) and (26).} 


*In some references, the constant 0.027 is used in place of 0.023. The constant 


0.023 is recommended in order to make Eq. (26) generally applicable for water, organie 
fluids, and gases at moderate At. 
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facilitate their solution and to indicate the values for use in the transition 
region. 

Simplified Equations. For common gases, Eq. (26) can be simplified to 
give the following approximate equation: * 


0.014c,G°'5 





t pD®2 (27) 
Similarly, for water at ordinary temperatures and pressures, 
150(1 + 0.011#,)(V’)°'® 
y= — (28) 


(oo 
Equations (27) and (28) are dimensional, and a value of h; as Btu/(hr) 
(sq ft)(°F) is obtained only if the following units are employed for the 
indicated variables: 

Cp = heat capacity of fluid, Btu/(Ib) (°F) 

D = diameter, ft 

D’ = diameter, in. 

G = mass velocity inside tube, lb/(hr)(sq ft) 

t, = average (i.e., bulk) temperature of water, °F 

V’ = velocity of water, fps 

Noncircular Cross Section—Equivalent Diameter. The situation is 
often encountered in which a fluid flows through a conduit having a non- 
circular cross section, such as an annulus. The heat-transfer coefficients 
for turbulent flow can be determined by using the same equations that 
apply to pipes and tubes if the pipe diameter D appearing in these equa- 
tions is replaced by an equivalent diameter D,. Best results are obtained 
if this equivalent diameter is taken as four times the hydraulic radius, 
where the hydraulic radius is defined as the cross-sectional flow area divided 
by the heated perimeter. For example, if heat is being transferred from a 
fluid in a center pipe to a fluid flowing through an annulus, the film coefh- 
cient around the inner pipe would be based on the following equivalent 


diameter: 


‘ 2, 2 
wDo"/4 = wD? /4 D»* — D? 
aD, Dd, 
where D, and Dz, represent, respectively, the inner and outer diameters of 


the annulus. 

The difference between the hydraulic radii for heat transfer and for 
fluid flow should be noted. In the preceding example, the correct equiva- 
lent diameter for evaluating friction due to the fluid flow in the annulus 


D, = 4 X hydraulic radius = 4 X 


* Equations (27) and (28) are derived by neglecting the viscosity correction factor 
in Eq. (26) and substituting average values for the physical properties. For more de- 
tails and other simplified equations, see W. H. McAdams, ‘‘Heat Transmission,” 3d 
ed., McGraw-Hill Book Company, Inc., New York, 1954. 
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would be four times the cross-sectional flow area divided by the wetted 


mD»”/4 acd wD,"/4 
perimeter, or 4 X es Ses oR pre! = Dae a 


Film Coefficients for Fluids Flowing outside Pipes and Tubes (No 
Change in Phase). In the common types of baffled shell-and-tube ex- 
changers, the shell-side fluid flows across the tubes. The equations for 
predicting heat-transfer coefficients under these conditions are not the same 
as those for flow of fluids inside pipes and tubes. An approximate value 
for shell-side coefficients in a cross-flow exchanger with segmental baffles 
and reasonable clearance between baffles, between tubes, and between 
baffles and shell can be obtained by using the following correlation: * 


0.6 4% 
oe o 
ky Fe\ uy k /y 








where a, = 0.33 if tubes in tube bank are staggered and 0.26 if tubes are 
in line 
safety factor to account for bypassing effects t 
shell-side mass velocity across tubes, based on minimum free 
area between baffles at shell axis,t lb/(hr)(sq ft) 

Subscript f refers to properties at average film temperature 

Equation (29) can be used to obtain approximate film coefficients for 
hydrocarbons, aqueous solutions, water, and gases when the Reynolds 
number (D,G;/u;) is in the ordinary range of 2000 to 32,000. 

Film Coefficients and Over-all Coefficients for Miscellaneous Cases. 
Table 4 presents equations for use in the estimation of heat-transfer film 
coefficients for condensation, boiling, and natural convection. Values 
showing the general range of film coefficients for various situations are 
indicated in Table 5. 

The design engineer often prefers to use over-all coefficients directly 
without attempting to evaluate individual film coefficients. When this is 


FP, 
Gs 


* A. P. Colburn, Trans. AIChE, 29:174 (1933). 

t Amount of shell-side bypassing between the cross baffles and the shell, between 
tubes and tube holes in baffles, and between outermost tubes and shell depends on the 
manufacturing methods and tolerances for the exchanger. The amount of bypassing 
can have a large influence on the shell-side heat-transfer coefficient. The value of Bs 
is usually between 1.0 and 1.8, and a value of 1.6 is often recommended. 

t The free area for use in Eqs. (29) and (31) occurs where the total cross-sectional 
area of the shell (normal to direction of flow) is a maximum, and the free area at this 
axis plane is based on the transverse or diagonal openings that give the smallest free 
area. The free area S, for use in evaluating G; for the common case of a full-packed 
shell and transverse openings giving the smallest free area can be estimated to be 


(ID of shell)(clearance between adjacent tubes) (baffle spacing) 


center-to-center distance between adjacent tubes 








HEAT-TRANSFER EQUIPMENT—DESIGN AND COSTS 323 


TaBLE 4. Equations AND Mernops For Estimatina Fitm CorrFiciENTts or Hreatr 
TRANSFER FOR COMMON CASES 
















Type of heat transfer Limitations 
Film-type condensation of vapors: 
Outside horizontal tubes McAdams * 
h = 0.725 ( kpp’gre "= 0.95 saan Ea Pure saturated vapors 
NvDous Aty Ws 2w < 2000 
3100 Lyy 


For steam, average h at 1 atm pressure = 





Physical properties are 
for condensate 


(N yDo)'4(Aty)** 
See Fig. 15-5, which shows the effect of noncondensable 
gases 





Vertical tubes McAdams * 
= 147 (Poke ers ok pps mys Pure saturated vapors 
ees 4w_ < 2000 
For steam, average h at 1 atm pressure = = Sagat 
) L*4(ats)* Physical properties are 


for condensate 





Boiling liquids outside horizontal tubes: 
Film boiling (above critical At) 


keer — er) | Me 
Reo — 0.62 [ Dottw Aty 


Bromley f 

For saturated liquids 
on submerged sur- 
faces; film coefficient 
heo 18 for conduction 
through the vapor; 
no radiation effect is 
included 





Nucleate boiling (below critical At,) 

Value of h depends on At;, type of surface, and materials 
involved (critical Aty for water as temperature drop from 
heating surface to liquid is approximately 45°F) 


7 





Natural convection: 
General equation 


he = ¢[(Nar)s(N Pr)s]” 


McAdams * 

Values of cz and n de- 
pend on Ner X Npr 
and the geometry of 
the surfaces 
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TABLE 4. Equations AND METHODS FOR ESTIMATING FILM CoEFFICIENTS OF HEAT 
TRANSFER FOR COMMON Cases (Continued) 





Type of heat transfer Limitations 
Simplified equations for air Kern t , 
he = K(Ai)®?.* Ordinary air tempera- 


ture, atmospheric 
pressure, normal con- 





Physical arrangement 











f ; t K ditions; for more 
ores exact equations, see 
McAdams * 
Horizontal plates facing upward. . ves 0.38 
Horizontal plates facing downward. . . 0.20 
Vertical plates more than 2 ft high. . . 0.30 
Vertical plates less than 2 ft high... . 0.28 
(vertical height, ft)°-?® 
Vertical pipes more than 1 ft high... . 0.22 _ 
(De ft)9-25 
Horizontal piped... yon tre as 0.27 
CP. ft)®-2 





ce ee ee 
Ac = lambda, latent heat of condensation, Btu/Ib 
g = local gravitational acceleration, ft/(hr)(hr) 
Ny = number of rows of tubes in a vertical tier 
D, = outside diameter of tube, ft 
Aly = temperature-difference driving force across film, °F 
L = heated length of straight tube or length of heat-transfer surface, ft 
w = weight rate of flow of condensate per tube from lowest point on condensing 
surface, lb/(hr)(tube) 
L* 7g; At 
° 


“ 


My 


(Nar)y = Grashof number = 


(Npr)y = Prandtl number = (2*) 
7 


8 = beta, coefficient of volumetric expansion, 1/°F 
ce, K, n = constants 
Subscript f designates “at average film temperature’”’ 
Subscript v designates vapor at average vapor temperature 
Subscript L designates liquid at average liquid temperature 


*W. H. McAdams, “Heat Transmission,” 3d ed., McGraw-Hill Book Company, Inc., 
New York, 1954. 
tL. A. Bromley, Chem. Eng. Progr., 48:221 (1950). 


tD. Q. Kern, “Process Heat Transfer,” McGraw-Hill Book Company, Ine., New 
York, 1950. 
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Steam temperature = 230°F 
Condensation on horizontal 
3-in. tube 



























































Film coefficient, Btu/(hr)(sq ft)(°F) 
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Fic. 15-5. Film coefficients for condensing steam. [D. F. Othmer, Ind. Eng. Chem., 
21:576 (1929).] 


the case, the engineer must predict an over-all coefficient on the basis of 
past experience with equipment and materials similar to those involved in 
the present problem. Design values of over-all heat-transfer coefficients 
for many of the situations commonly encountered by design engineers are 
listed in Table 6. 


TABLE 5. ORDER OF MAGNITUDE OF INDIVIDUAL FILM COEFFICIENTS 


Condition h, Btu/(hr)(sq ft)(CP) 
Dropwise condensation of steam.......-.---+---- 10,000—20,000 
Film-type condensation of steam.............+++- 1,000-3,000 
PRG WALL Foe oie cys 55 Wie iat ses wee wow Via wie eel oe wry 300-9,000 
Film-type condensation of organic vapors.......-- 200-400 
Heating or cooling of water. .......----++++se0: 50-3,000 
Heating or cooling of organic solvents..........-. 30-500 
Heating or cooling of oils........-- 66+ - seer eee 10-120 
5-380 


Superheated steam. ...........002-ee eer eeereres 
Heating or cooling of air.........--06e seer reece 0.2-20 


TABLE 6. APPROXIMATE DESIGN VALUES OF OvER-ALL HEAT-TRANSFER COEFFICIENTS * 


The following values of over-all heat-transfer coefficients are based primarily on 
results obtained in ordinary engineering practice. The values are approximate because 
variation in fluid velocities, amount of noncondensable gases, viscosities, cleanliness of 
heat-transfer surfaces, type of baffles, operating pressure, and similar factors can have 
a significant effect on the over-all heat-transfer coefficients. The values are useful for 
preliminary design estimates or for rough checks on heat-transfer calculations. 

Upper range of over-all coefficients given for coolers may also be used for condensers. 
Upper range of over-all coefficients given for heaters may also be used for evaporators. 

Units of coefficients are Btu/(hr) (sq ft) (°F). 


Fouling Over-all 





Hot fluid Cold fluid coefficient | coefficient 
ha Ua 
Coolers 
Waterson ols eo eee ee Water 1000 250-500 
Methanol ss. ye ee ae ety ace ee cee Water 1000 250-500 
IATAIN ODIs Se ere Ae E Care en Rees: Water 1000 250-500 
WONSOUS SOIDISONE ck sui os Bele coe Water 1000 250-500 


Light organics—viscosities less than 0.5 

cp (benzene, toluene, acetone, ethanol, 

gasoline, light kerosene, and naphtha)..| Water 300 75-150 
Medium organics—viscosities between 0.5 

and 1.0 ep (kerosene, straw oil, hot gas 

oil, hot absorber oil, some crude oils)...| Water 300 50-125 
Heavy organics—viscosities greater than 

1.0 ep (cold gas oil, lube oils, fuel oils, 








reduced crude oil, tars, and asphalts)...| Water 300 5-75 
CRSGSS4 PEMe ire cca eee h eleits Aeon Water 300 2-50 
Waters. cera nero le eae Se Brine 300 100-200 
Lagi (BADIGS 7.0 Zon meses we moe ee Brine 300 40-100 
a ee ee eS een ee en) ae 

Heaters 

SOHN? - CNet te Meas pee ae ne Cee te Water 1000 200-700 
SHSM. nf ree ean ea Foss anes ee Methanol 1000 200-700 
SUCRE Geet aateteey aster its iy be tien ee Ammonia 1000 200-700 
SLOREI Gy Lea se ee KARI Se Aqueous solutions: 

Less than 2.0 ep 1000 200-700 
. More than 2.0 ep 1000 100-500 
Steam soe + SIRES ENTE Lo ULE eee ee Light organics 300 100-200 
Steam SE RA este tery ea vic Medium organics 300 50-100 
Steam Frise GPOGNA civic ee eee Renee a er, Heavy organics 300 6-60 
: ; ea sass step aaa et oue. REP Eee es Gases 300 5-50 

OWIGDGTTN vc. tr taseeee ac ooo <a Gases 
Dovwtherm. 44 ae ek oe eee Heavy organics as ep 
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TABLE 6. APPROXIMATE DEsIGN VALUES OF OvER-ALL HEAT-TRANSFER COEFFICIENTS * 
(Continued) 


eee ssh 


; Fouling Over-all 
Hot fluid Cold fluid coefficient | coefficient 
ha Ua 








Exchangers (No Phase Change) 








Ree Mert ae hie tae mdb yee gus 3a De Water 1000 250-500 
BRPRIODIIS BONITO cotton fo Saree ea see ce Aqueous solutions 1000 250-500 
METS OP USUUCH sortie Sere Ava Gus es Light organics 300 40-75 
RENATO OP POT ao soi pave oe Sue x 5 Medium organics 300 20-60 
eee Pate ANCR Masts etc e eee. yh cet. 2 Heavy organics 300 10—40 
ROVE CURONICH Hers docked toate ieee soe t= A Light organics 300 30-60 
MENS ONATIOGS St Aaron canis sand has oso ware i Heavy organics 300 10-40 


*D. Q. Kern, “Process Heat Transfer,” McGraw-Hill Book Company, Inc., New 
York, 1950. 


PRESSURE DROP IN HEAT EXCHANGERS 


The major cause of pressure drop in heat exchangers is friction resulting 
from flow of fluids through the exchanger tubes and shell. Friction due to 
sudden expansion, sudden contraction, or reversal in direction of flow also 
causes a pressure drop. Changes in vertical head and kinetic energy can 
influence the pressure drop, but these two effects are ordinarily relatively 
small and can be neglected in many design calculations. 

Tube-side Pressure Drop. It is convenient to express the pressure 
drop for heat exchangers in a form similar to the Fanning equation as pre- 
sented in Chap. 14. Because the transfer of heat is involved, a factor must 
be included for the effect of temperature change on the friction factor. 
Under these conditions, the pressure drop through the tube passes (i.e., 
tube side) of a heat exchanger may be expressed as follows (subscript 7 
refers to inside of tubes at bulk temperature): 

B,2f,G?Ln,y 

gepiD id: 
Fanning friction factor for isothermal flow based on conditions 
at the arithmetic-average temperature of the fluid; f; as func- 
tion of D,G/p; is shown in Fig. 14-1 
Ny = number of tube passes 
g. = conversion factor in Newton’s law of motion, (32.17) (3600)? ft- 
lb mass/(hr) (hr) (Ib force) 


where f; 
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correction factor for nonisothermal flow = 1.1(u;/u»)°?” when 


gi = 
D,G/u; is less than 2100 and 1.02(u;/n»)°!* when D,G/u; is 
greater than 2100; u; is viscosity at arithmetic-average (bulk) 
temperature of fluid, and y,, is viscosity of fluid at average tem- 
perature of the inside-tube wall surface 

B,; = correction factor to account for friction due to sudden contrac- 


tion, sudden expansion, and reversal of flow direction 
IE Soe (F. a Ff fs F,)/(2,,G°L/gcp:i° Didi) 4 

Shell-side Pressure Drop. The pressure drop due to friction when a 
fluid is flowing parallel to and outside of tubes can be calculated in the 
normal manner described in Chap. 14 by using a mean diameter equal to 
four times the hydraulic radius of the system and by including all fric- 
tional effects due to contraction and expansion. In heat exchangers, how- 
ever, the fluid flow on the shell side is usually across the tubes, and many 
types and arrangements of baffles may be used. As a result, no single 
explicit equation can be given for evaluating pressure drop on the shell 
side of all heat exchangers. 

For the case of flow across tubes, the following equation can be used to 
approximate the pressure drop due to friction (subscript o refers to outside 
of tubes at bulk temperature) : 


B.2f'N,G." 
Lee (31) 
YcPo 


where f’ = special friction factor for shell-side flow 
N, = number of rows of tubes across which shell fluid flows 
B, = correction factor to account for friction due to reversal in direc- 
tion of flow, recrossing of tubes, and variation in cross section; 


* F, (friction due to sudden enlargement) and F, (friction due to sudden contraction) 
can be estimated by the methods indicated in Chap. 14. F, = (V; — V headen)2/ 202 
F, = K.V;?/2g-. F, (friction due to reversal of flow direction) depends on the details 
of the exchanger construction, but a good estimate for design work is (0.5V;?/2g,) 
X (Np — 1)/np. Designating S;/Sz as the ratio of total inside-tube cross-sectional area 
per pass to header cross-sectional area per pass and Ky as [1 — (S:/Sy)? + K. + 0.5 
X (np — 1)/ny, 

B; Hi pee Ky Didi 
4f,L 
If the flow is highly turbulent and in smooth tubes, f; may be taken as 0.046(D;G/p;)—° 2 
Combining the preceding relationships with Eqs. (4), (11), (26), and the rate era 
for no phase change [Eq. (36)] gives, for smooth tubes and turbulent flow, 


0.51 Kynp Atyy (ui/uy)? 8 
(to — ti)i(Cpu/k),;”8 


where t2 — t; represents the total change in temperature of the fluid as it flows through 
the exchanger tubes. : 


By =1+ 
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when the flow is across unbaffled tubes, B, can be taken as 103 
as a rough approximation, B, can be estimated as equal to the 

number of tube crosses 
The friction factor f’ is a function of the Reynolds number of the flowing 
fluid and the arrangement of the tubes. For the common case of DoGs/py 
in the range of 2000 to 40,000, the friction factor in Eq. (31) may be repre- 


sented as 
DG: —0.15 
f= 6 ( ) (32) 
My 





The following approximate equations for b, are based on the data of 
Grimson: *f 


For staggered tubes, 
Ost1 
bo = 0.20 + (op = hoe (33) 
For tubes in line, 
0.082, 


pee a 


b, = 0.044 + (34) 


(ap — ] 


where xr = ratio of pitch (i.e., tube center-to-center distance) transverse 
to flow to tube diameter, dimensionless; and x, = ratio of pitch parallel 
to flow to tube diameter, dimensionless. 


Example 3. Estimation of Film Coefficient and Pressure Drop inside Tubes in a Shell- 
and-Tube Exchanger. A horizontal shell-and-tube heat exchanger with two tube passes 
and one shell pass is being used to heat 70,000 lb/hr of 100 per cent ethanol from 60 
to 140°F at atmospheric pressure. The ethanol passes through the inside of the tubes, 
and saturated steam at 230°F condenses on the shell side of the tubes. The tubes are 
steel with an OD of 34 in. and a BWG of 14. The exchanger contains a total of 100 
tubes (50 tubes per pass), and the average number of tubes in a vertical tier can be taken 
as6. The ratio of total inside-tube cross-sectional area per pass to header cross-sectional 
area per pass can be assumed to be 0.5. Estimate the film coefficient for the ethanol 
and the pressure drop due to friction through the tube side of the exchanger. 


Solution 

From the Appendix, 

Tube wall thickness = 0.083 in. 

Tube ID = 0.584 in. 

Tube OD = 0.75 in. 

Flow area per tube = 0.268 sq in. 

*f. D. Grimson, Trans. ASME, 69:583 (1937), 60:381 (1938). 

M. Jacob, Trans. ASME, 60:384 (1938). 

W. H. McAdams, ‘Heat Transmission,” 3d ed., McGraw-Hill Book Company, Ine., 
New York, 1954. 

t In Eqs. (33) and (34), best results are obtained if x7 is between 1.5 and 4.0. For 
design purposes, the range can be extended down to 1.25. When the Reynolds number 
is between 2000 and 10,000 with tubes in line, f’ for a given tube spacing can be assumed 
to be constant at the value obtained when the Reynolds number is 10,000. 
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Inside surface area per lin ft = 0.1529 sq ft 
k for steel = 26 Btu/(hr)(sq ft)(°F/ft) 

At (60 + 140)/2 = 100°F, 

» for ethanol = 0.9 centipoise 

k for ethanol = 0.094 Btu/(hr)(sq ft)(°F/ft) 
Cp for ethanol = 0.62 Btu/(Ib)(°F) 

p for ethanol = 49 Ib/cu ft 





: (70,000) (144) 
Tass vel = G = ———— = 752,000 |b/(h ft 
Mass velocity (0.268)(50) /(hr)(sq ft) 
584 000 
Nee = DG _ (0.584)(752,000) = 16,800 


uw __ (12)(0.9)(2.42) 


cpu (0.62) (0.9) (2.42) 

ko 0.094 

Equation (26), for the evaluation of the average coefficient, applies under these con- 
ditions. The only remaining unknown in the equation is py». 

Evaluation of »,. As a first approximation, assume the following: 

At over ethanol film = 70% of average total At = 0.70(230 — 100) = 91°F 

At over steam film = 8% of average total At = 0.08(230 — 100) = 10°F 

Wall temperature for evaluation of un» = 100 + 91 = 191°F 

Hy = pw of ethanol at 191°F = 0.4 centipoise 

p/w = 0.9/0.4 = 2.25 


From Eq. (26), k DG °8 % 0.14 
~ [Cols K\ 
hy = — (0.023 (—) (= ) (+) 
Dp‘ rm k Mw 


__ (0.094) (12)(0.023)(16,800)° (14.4) *(2.25)°-4 
- 0.584 


= 290 Btu/(hr)(sq ft)(°F) 


= 14.4 





Check on At assumptions. From Table 3, a fouling coefficient of 1000 Btu/(hr)(sq ft) 
(°F) is adequate for the ethanol. No fouling coefficient will be used for the steam. 
From Table 4, the steam film coefficient can be approximated as 
3100 
(0.75/12) (10) 8 = 1800 Btu/(hr)(sq ft)(°F) 
By Eq. (12) (basing Ug on the inside tube area), 
1 1 A Ady A 
= ns i 0.584 (0.584) (0.083) ie 
290  (1800)(0.75) — (26)(0.667)(12) 1000 
= 0.00345 + 0.00043 + 0.00023 + 0.001 = 0.00511 


0.00345 
0.00511 
0.00043 
0.00511 








Per cent At over ethanol film = (100) = 68% of total At 


Per cent At over steam film = 





(100) = 8.4% of total At 


‘The At assumptions are adequate. 
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Determination of pressure drop due to friction. Assume Ua is constant over length 
of exchanger: 





Ua = = 196 Btu/(hr)(sq ft of inside area)(°F) 


0.00511 


(230 — 60) + (230 — 140 
Atoa,m = 2 = 130°F = Atoa,arith ave 





The arithmetic-average value is satisfactory because the temperature of the steam 
remains constant and the ratio At;/Ate is less than 2.0. 


q = (70,000)(0.62)(140 — 60) = 3,470,000 Btu/hr 





By Eq. (19), 
ra a ROS alee = 136 sq ft of inside tul 
~~ Ug Atoaym — (196)(130) oe eee alo ar 
136 
Length Ee se ees De ee 
serge oad, (0.152900) ~ &? 
By Eq. (30), 
kPa B,2,,G?Lnp 
IcpPiDidi 
Boao Pot hot Fr 0.51 Kynp Atyy (ui/uw)” 
‘ 2F:G7L/gepi* Didi (to — ty)i(¢pu/k)s” 
Si\? 0. = 
€ =(1 - =) aif ene Beat 
Sy Np 
= (1 — 0.5)? + 0.3 + (0:5)(1)(144) = 0.8 
K, (Chap. 14, Table 1) = (0.4)(1.25 — 0.5) = 0.3 
0.51)(0.8)(2)(0.68)(230 — 100)(2.25)°-?8 
[ee )(0.8)(2)(0.68)( wl ) aber 
(140 — 60)(14.4)* 
f; (from Fig. 14-1) = 0.0066 
p= 2 
0.14 
6: = 102 (# _) = 1.02(2.25)° 4 = 1.14 
C : 2(8.9)(2 
(1.19)(2)(0.0066)(752,000)(8.9)(2) _ 14, oat 


* * (8600)?(82.17)(49)(0.584/12)(1.14) 


The pressure drop due to friction through the tube side of the exchanger is approxi- 
mately 140 psf or 1 psi. 

If the cost for power is $0.02 per kilowatthour, the pumping cost due to frictional 
pressure drop on the tube side of the exchanger is (140)(70,000) (0.02) /(49) (2.655 X 105) 


= $0.0015 per hour. 
The low power cost and low pressure drop indicate that a higher liquid velocity would 


be beneficial, since it would give a better heat-transfer coefficient and have little effect 


on the total cost. 
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Example 4. Estimation of Film Coefficient and Pressure Drop on Shell Side in a Shell- 
and-Tube Exchanger. A shell-and-tube heat exchanger with one shell pass and one tube 
pass is being used as a cooler. The cooling medium is water on the shell side of the 
exchanger. Five segmental baffles with a 25 per cent cut are used on the shell side, 
and the baffles are spaced equally 2 ft apart. The safety factor F, for use in evalu- 
ating the shell-side film coefficient is 1.6. The inside diameter of the shell is 23 in. 
The OD of the tubes is 0.75 in., and the tubes are staggered. Clearance between tubes 
is 0.25 in., and the flow of water across the tubes is normal to this clearance. There is 
a total of 384 tubes in the exchanger, and the shell can be considered to be full-packed. 
Water flows through the shell side at a rate of 90,000 lb/hr. The average temperature 
of the water is 90°F, and the average temperature of the tube walls on the water side 
is 100°F. Under these conditions, estimate the heat-transfer coefficient for the water 
and the pressure drop due to friction on the shell side of the exchanger. 


Solution 


Average water-film temperature = 95°F 

From the Appendix, 

u for water at 95°F = 0.724 centipoise 

k for water at 95°F = 0.361 Btu/(hr)(sq ft)(°F/ft) 

Cp for water at 95°F = 1 Btu/(lb)(°F) 

p for water at 90°F = 62.1 lb/cu ft 

u for water at 100°F = 0.684 centipoise 

Calculation of Reynolds number = D,Gs/py 

Do: = 0.75/12 ft 

ur = (0.724)(2.42) Ib/(hr)(ft) 

Free area for evaluation of G, occurs at center plane of shell where number of tube 
rows normal to flow direction = 23/(0.75 + 0.25) = 23. Free area is based on the 
smallest flow area at the center plane. In this case, the transverse openings give the 
smallest free area. 


2 20 
Free area between baffles = aoe = 0.96 sq ft 





G, = = = 94,000 Ib/(hr)(ea f 
caer 7 wan >/(hr)(sq ft) 





DiGe (0.75)(94,000) 
by (12)(0.724)(2.42) 


= 4.85 





(=) . (1)(0.724)(2.42) 
k sy 0.361 


Equation (29) may be used under these conditions. 


Mapes . on 
DoF. \ uy k/s 


a, = 0.33 F, = 1.6 





(0.361) (12)(0.33)(3360)° °(4.85) ” 
(0.75)(1.6) 





ho = 


= 260 Btu/(hr)(sq ft)(°F) 
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Determination of pressure drop due to friction. Equations (31) to (33) apply for 
this case: 


Bo 2 Ge" 
—AP, = lla a 
VePo 


0.11 D.G,\ ~~” 
‘= | 0.23 a 
I i Gr ee ( Mr ) 


0.11 
(1.0/0.75 — 1)! 





f’ = 0.23 + (3360)? = 0.175 


B, = roughly the number of tube crosses = number of baffles + 1 = 6. N, = num- 
ber of tube rows across which shell fluid flows = 23 minus the tube rows that pass 
through the cut portions of the baffles. With 25 per cent cut baffles, the fluid will flow 
across approximately one-half of the tubes. In this case, N, will be taken as 14. This 
gives some allowance for neglecting friction due to reversal of flow direction and fric- 
tion due to flow parallel to the tubes: 

(6)(2)(0.175)(14)(94,000)° 


—AP, = = 10 ps 
° ~ ~(32.17)(3600)2(62.1) Aas 





Pressure drop due to friction on the shell side of the exchanger is approximately 10 psf 


CONSIDERATIONS IN SELECTION OF HEAT-TRANSFER EQUIPMENT 


When the design engineer selects heat-transfer equipment, he must con- 
sider the basic process-design variables and also many other factors, such 
as temperature strains, thickness of tubes and shell, types of baffles, tube 
pitch, and standard tube lengths. Under ordinary conditions, the mechani- 
eal design of an exchanger should meet the requirements of the ASME or 
API-ASME Safety Codes. The Tubular Exchanger Manufacturers Asso- 
ciation publishes standards on general design methods and fabrication ma- 
terials for tubular heat exchangers. 

Tube Size and Pitch. The standard length of tubes in a shell-and-tube 
heat exchanger is 8, 12, or 16 ft, and these standard-length tubes are availa- 
ble in a variety of different diameters and wall thicknesses. Exchangers 
with small-diameter tubes are less expensive per square foot of heat-transfer 
surface than those with large-diameter tubes, because a given surface can 
be fitted into a smaller shell diameter; however, the small-diameter tubes 
are more difficult to clean. A tube diameter of 34 or 1 in. OD is the 
most common size, but outside diameters ranging from %g to 11% in. 
are found in many industrial installations. 

Tube-wall thickness is usually specified by the ranbtices wire gauge, 
and variations from the nominal thickness may be +10 per cent for “‘aver- 
age-wall” tubes and +22 per cent for ‘“minimum-wall” tubes. Pressure, 
temperature, corrosion, and allowances for expanding the individual tubes 
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into the tube sheets must be taken into consideration when the thickness 
is determined. 

Tube pitch is defined as the shortest center-to-center distance between 
adjacent tubes, while the shortest distance between two tubes is designated 
as the clearance. In most shell-and-tube exchangers, the pitch is in the 
range of 1.25 to 1.50 times the tube diameter. The clearance should not 
be less than one-fourth of the tube diameter, and 34¢ in. is usually con- 
sidered to be a minimum clearance. 

Tubes are commonly laid out on a square pattern or on a triangular pat- 
tern, as shown in Fig. 15-6. Although a square pitch has the advantage 
of easier external cleaning, the triangular pitch is sometimes preferred be- 
cause it permits the use of more tubes in a given shell diameter. Table 7 
indicates the number of tubes that can be placed in an exchanger with 
conventional tube sizes and pitches. 


Flow path Flow path 


Triangular pitch Square pitch 
Fia. 15-6. Conventional tube-plate layouts. 


Shell Size. For shell diameters up to 24 in., nominal pipe sizes apply 
to the shell. Inside diameters are usually indicated, and schedule number 
or wall thickness should also be designated. In general, a shell thickness 
of 3g in. is used for shell diameters ‘between 12 and 24 in., unless the 
fluids are extremely corrosive or the operating pressure on the shell side 
exceeds 300 psig. 

Thermal Strains. Thermal expansion can occur when materials, such 
as the metal components of a heat exchanger, are heated. For example, 
in a shell-and-tube heat exchanger, thermal expansion can cause an elonga- 
tion of both the tube bundle and the shell as the temperature of the unit 
is increased. Because the tube bundle and the shell may expand by dif- 
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TABLE 7. NuMBER oF TUBES IN CONVENTIONAL TUBE-SHEET LAYouTS 


SS ee 



































One-pass Two-pass Four-pass 

Shell 

i), 

in. Square Triangular Square Triangular Square Triangular 

pitch pitch pitch pitch pitch pitch 
34-in.-OD Tubes on 1-in. Pitch 

8 32 37 26 30 20 24 
12 81 92 76 82 68 76 
154% 137 151 124 138 116 122 
214% 277 316 270 302 246 278 
25 413 470 394 452 370 422 
31 657 745 640 728 600 678 
37 934 1074 914 1044 886 1012 

1-in.-OD Tubes on 114-in. Pitch 

8 21 21 16 16 14 16 
12 48 55 45 52 40 48 
154 81 91 76 86 68 80 
21144 177 199 166 188 158 170 
25 260 294 252 282 238 256 
31 406 472 398 454 380 430 
37 596 674 574 664 562 632 

















ferent amounts, some arrangement may be necessary to reduce thermal 
strains. Figure 15-7 shows a fixed-tube-sheet exchanger with no allowance 



























































Fia. 15-7. Heat exchanger with fixed tube sheets, two tube passes, and one shell pass. 
(Struthers-Wells Corporation.) 


for expansion, while Figs. 15-8 and 15-9 illustrate two conventional types 


of exchangers with a floating head or a slip joint to relieve stresses caused 
by thermal expansion. ‘Temperature stresses due to tube elongation can 
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also be avoided by using U-shaped tubes, and some exchangers have a U- 
type bellows loop or ring in the shell to handle thermal elongation of the 


shell. 


ian 





























fBEEEEE 


Fig. 15-8. Heat exchanger with internai fioating head, two tube passes, and one shell 
pass. (Struthers-Wells Corporation.) 























Fig. 15-9. Heat exchanger with external floating head, two tube passes, and one shell 
pass. (Struthers-Wells Corporation.) 


Use of the fixed-head type of exchanger should be limited to exchangers 
with short tubes or to cases in which the maximum temperature difference 
between shell and tubes is less than 50°F. In general, floating-head ex- 
changers with removable bundles are recommended for most services. * 

Cleaning and Maintenance. Heat exchangers require periodic clean- 
ing, tube replacements, or other maintenance work. The inside of straight 
tubes can be cleaned easily by forcing a wire brush or worm through the 
tubes, but cleaning of the outside of the tubes usually requires removal of 
the entire tube bundle from the exchanger. Consequently, many ex- 
changers are provided with removable tube bundles, and the pitch and 
arrangement of the tubes is often dictated by the amount and type of 
cleaning that is required. 

Baffles. Although the presence of baffles in the shell side of a shell- 
and-tube exchanger increases the pressure drop on the shell side, the ad- 

vantage of better mixing of the fluid and increased turbulence more than 


* For method of estimating best number of floating heads, see E. N. Sieder, Chem. & 
Met. Eng., 46:322 (1939). 
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ofisets the pressure-drop disadvantage. The distance between baffles is 
known as the baffle spacing. In general, baffle spacing is not greater than 
a distance equal to the diameter of the shell or less than one-fifth of the 
shell diameter. 

The most ccmmon type of baffle used in heat exchangers is the segmental 
baffle, illustrated in Fig. 15-10. Many segmental baffles have a baffle 






QING 'S 
OOOO0O0O 
OOOO 










Holes drilled 
to tube size 





Fia. 15-10. Segmental baffles. 


height that is 75 per cent of the inside diameter of the shell. This arrange- 
ment is designated as 25 per cent cut segmental baffles. Other types of 
baffles include the disk-and-doughnut baffle and the orifice baffle, shown in 
Figs. 15-11 and 15-12. Longitudinal baffles of the permanent type (.e., 
welded to the shell) or removable type are also found in some exchangers. 


Shell Doughnut 





56 


Oi, 
O OO 


O Ss) Disk 


Doughnut 


OO 
O 


Disk 


Fic. 15-11. Disk-and-doughnut baffles. 


Segmental and disk-and-doughnut baffles contain tube-pass holes of size 
close to that of the diameter of the tubes. With these two types of baffles, 
the clearance between the tubes and the edge of the holes may range from 
| per cent to as high as 3 per cent of the tube diameter. As a result, some 


fluid passes through the clearance spaces, but the major portion of the 
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fluid should flow between the baffles in a direction perpendicular to the 


tubes. 

Orifice baffles should be spaced reasonably close together to produce fre- 
quent increases in fluid velocity through the orifice openings between the 
tubes and the baffles. This type of baffle should not be used for fluids 


with high fouling characteristics. 


Orifice 
Tube ~ Lo 


= 
—— 


Boftle 





Fig. 15-12. Orifice baffle. 


Straight tie rods are used to hold baffles in place. Usually, four to six 
rods of 1¢- to %-in. diameter are necessary. These are fitted to the fixed 
tube sheet, and short lengths of pipe sleeves are placed around the tie rods 
to form shoulders between adjacent baffles. The thickness of baffle plates 
should be at least twice the thickness of the tube walls and is ordinarily in 
the range of 1g to 4 in. The tube sheets should have a thickness at least 
as great as the outside diameter of the tubes. In industrial exchangers, 
7g in. is ordinarily considered as a minimum thickness for tube 
sheets. 

Fluid Velocities and Location of Fluids. The major factors involved 
in determining the best location for fluids in a heat exchanger are the 
fouling and corrosion characteristics of the fluids, pressure drop across the 
unit, materials costs, and general physical characteristics of the fluids and 
the exchanger. When one of the fluids is highly corrosive, it should flow 
inside the tubes to avoid the expense of corrosion-resistant materials ‘of 
construction on the shell side. Because cleaning inside tubes is easier than 
external cleaning, consideration should always be given to locating the 
fluid with the greatest fouling tendencies inside the tubes. If the other 
factors are equal and one fluid is under high pressure, the expense of a 
high-pressure shell construction can be avoided by passing the high-pres- 
sure fluid through the tubes. ; 

The velocities of the fluids passing through the shell side and the tube 
side of an exchanger can have a large influence on the heat-transfer acct 
cients and the pressure drop. At high velocities, the beneficial effects of 
large film coefficients can be counterbalanced by the detrimental effecta of 
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high pressure drop. If one of the fluids is much more viscous than the 
other, pressure drop on the tube side may be excessive when the viscous 
fluid is passed through the tubes at the velocity necessary for adequate 
rates of heat transfer. The effects of fluid velocities and viscosities, there- 
fore, must be considered carefully before a final decision is made concerning 
the best routing of the fluids, 

Ineffective Surface. In the course of heating a fluid, noncondensable 
gases, such as absorbed air, may be evolved. If these gases are not re- 
moved, they can collect in the exchanger and form an effective blanket 
around some of the heat-transfer surface. Adequate provision, therefore, 
should be made for venting noncondensables. The heat-transfer surface 
can also become ineffective because of build-up of condensate when con- 
densing vapors are involved. Consequently, drains, steam traps with by- 
passes, and sight glasses to indicate condensate level are often necessary 
auxiliaries on heat exchangers. When high pressures are used, relief valves 
or rupture disks may be essential for protection. Vapor blanketing can 
occur in boilers if the critical temperature-difference driving force is ex- 
ceeded, and the design engineer must take this factor into consideration. 
Inadequate baffling on the shell side of an exchanger can result in poor 
distribution of the shell-side fluid, with a resulting ineffective use of the 
available surface area. 

Use of Water in Heat Exchangers. Because of the abundance of water 
and its high heat capacity, this material is used extensively as a heat-ex- 
change medium. At high temperatures, water exerts considerable corrosive 
action on steel, particularly if the water contains dissolved oxygen. Non- 
ferrous metals, therefore, are often employed in heat exchangers when water 
is one of the fluids. To reduce costs, the water may be passed through the 
more expensive tubes, and the shell side of the exchanger can be con- 
structed of steel. When water is used in contact with steel, a large corro- 
sion allowance should be included in the mechanical design. 

Liquid mixtures that contain solids tend to foul heat exchangers very 
rapidly, because the solids can settle out and bake into a cake on the hot 
walls. This difficulty can be reduced by passing the fluid through the ex- 
changer at a velocity which is sufficient to keep the solids in suspension. 
As a standard practice, a fluid velocity of at least 3 fps should be 
maintained in an exchanger when the fluid is water. This minimum veloc- 
ity is particularly important if the water is known to contain any suspended 
solids. Since it is very difficult to eliminate low-velocity pockets on the 
shell side of an exchanger, water that contains suspended solids should be 
passed through the tube side of the exchanger. 

As far as possible, suspended solids should be removed from water before 
it enters a heat exchanger. This can be accomplished by use of settling 
tanks or filters. Screen filters are commonly used on water lines to remove 
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debris, such as sticks, pebbles, or pieces of algae, but a screen filter will not 
remove finely dispersed solids. 

Another difficulty encountered when water is employed as a heat-trans- 
fer medium is the formation of mineral scale. At temperatures higher than 
120°F, the formation of scale from water of average mineral and air con- 
tent tends to become excessive. Consequently, an outlet water tempera- 
ture above 120°F should be avoided. In many cases, it is advisable to 
soften the water by a chemical treatment before using it in a heat ex- 
changer. Hot water leaving a heat exchanger may be reused by employing 
a cooling tower to lower the temperature of the water. This reduces both 
the softening costs and the amount of water that must be purchased. 

Use of Steam in Heat Exchangers. Steam has a high latent heat of 
condensation per unit weight and is, therefore, very effective as a heating 
medium. Exhaust steam is often available as a by-product from power 
plants. Because exhaust steam usually has a saturation temperature in 
the range of 215 to 230°F, the material is useful for heating only in the 
delivery-temperature range below about 200°F. If a material must be 
heated to higher temperatures, process steam is necessary. At a pressure 
of 200 psig, the condensing temperature of steam is 382°F. Consequently, 
when delivery temperatures much higher than 300°F are required, the high 
steam pressure necessary may eliminate steam as a useful heating medium. 
Under these conditions, another heating medium, such as Dowtherm, which 
does not require high pressures, might be chosen. 

The film coefficients of heat transfer for pure condensing steam are 
ordinarily in the range of 1000 to 3000 Btu/(hr)(sq ft)(°F). The con- 
densing-steam film, therefore, is seldom the controlling resistance in a heat 
exchanger, and approximate values of steam-film coefficients are usually 
adequate for design purposes.* If the steam is superheated, it is standard 
design practice to neglect the superheat and assume all the heat is delivered 
at the condensing temperature corresponding to the steam pressure. Simi- 
larly, subcooling of the condensate and pressure drop due to friction on the 
steam side of the exchanger are usually neglected. Under these conditions 
of assumed isothermal condensation, the true temperature-difference driv- 
ing force is the same as the logarithmic-mean value. 

Specifications for Heat Exchangers. The design engineer should con- 
sider both process design and mechanical design when he prepares the 
specifications for a heat exchanger. The fabricator ordinarily has a plant 
that is tooled to produce standard parts at the least cost and in the shortest 
time. Consequently, the design engineer should not attempt to specify 
every detail on an exchanger unless he is thoroughly familiar with the 
fabricator’s equipment and methods. On the other hand, the specifications 


* For design estimates under ordinary conditions, a conservative value of 1500 Btu 


(hr) (sq ft)(°F) is often assumed for the condensing-steam film coefficient. 
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must be sufficiently complete to permit an adequate evaluation by the 
fabricator. 

The following list presents the basic information that should be supplied 
to a fabricator in order to obtain a price estimate or firm quotation on a 
proposed heat exchanger: 


Process information Mechanical information 
1. Fluids to be used 1. Size of tubes 
a. Include fluid properties if they a. Diameter 
are not readily available to the b. Length 
fabricator c. Wall thickness 
2. Flow rates or amounts of fluids 2. Tube layout and pitch 
3. Entrance and exit temperatures a. Horizontal tubes 
4. Amount of vaporization or con- b. Vertical tubes 
densation 3. Maximum and minimum temper- 
5. Operating pressures and allowa- atures and pressures 


Necessary corrosion allowances 
Special codes involved 
Recommended materials of con- 
struction 


ble pressure drops 
6. Fouling factors 
7. Rate of heat transfer 


Dot 


Some of the preceding information can be presented in the form of sugges- 
tions, with an indication of the reasons for the particular choice. This 
would apply, in particular, to such items as fouling factors, tube layout, 
codes, and materials of construction. An example of a typical specifica- 
tion table for heat exchangers is presented in Fig. 13-1. 


COSTS FOR HEAT-TRANSFER EQUIi MENT 


The major factors that can influence the cost for heat-transfer equip- 
ment are indicated in the following list: 
1. Heat-transfer area 


2. Tube diameter and gauge 

3. Tube length 

4. Pressure 

5. Materials of construction for tubes and’ shell 


6. Degree and type of baffling 

7. Supports, auxiliaries, and installation 

8. Special features, such as floating heads; removable bundles; multi- 
pass, finned surfaces; and U bends 

Certain manufacturers specialize in particular types of exchangers and 
can, therefore, give lower quotations on their specialties than other manu- 
facturers. As a result, price quotations should be obtained from several 


342 PLANT DESIGN AND ECONOMICS FOR CHEMICAL ENGINEERS 


























4 

o ., 14 2g 
Set 22 13 
23 ~ 219 
Ae BT = ioe 
2 an 
oo gS 
oe eed is 
= Osa ze 
ijs4(9) 260? 
DAS ec 

; 6 8 10 12 14 {6 18 20 


Tube diameter, in. 


Tube length, ft 


Fia. 15-13. Effect of tube diameter on cost Fig. 15-14. Effect of tube length 


of conventional shell-and-tube 
changers. 


heat ex- on cost of conventional shell-and- 


tube heat exchangers. 





Relative cost per square foot 


0.8 
0 100 





200 300 400 S00 =66 00 


Safe working pressure, psig 


Fic. 15-15. Effect of operating pressure on cost of conventional shell-and-tube heat 


exchangers. 


Taste 8. Retative Cost ror SHELL-AND-TuBE HEAT EXCHANGERS AS FUNCTION OF 
TuBE-SIDE MaTerRIAL OF CoNSTRUCTION *f 


Carbon-steel shell 


Relative cost 


Tube material for exchanger 
Dee) i sheen thaiaredhath ayer Brice eee et 1.0 
Amaia. ces cesta eee eee 1.2 
Copper on Bramier. -ols: ye ease ee 1.4 
{0-30 cipronickel’s 0/25 te ee 1.6 
Stainless steel type 304................. 2.0 
Monel. 05.0 4.5 ashen. ae ee oa 2.1 
Stainless steel type 347................. 2.2 
INIQUGL, «ors at gitaieen st chace at eee es ene 2.3 
Stainless steel type 316................. 2.3 
Ineonels. et. eae ee, eee 2.4 


*J. H. Perry, “Chemical Engineers’ Handbook,” 3d ed., McGraw-Hill Book Com- 


pany, Ine., New York, 1950. 


t F. L. Rubin, Chem. Eng., 64(5):257 (1957). 
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manufacturers before a firm cost is listed. Figures 15-13 through 15-16 
and Table 8 present average cost data for conventional heat-transfer equip- 
ment. Unless otherwise indicated, the data apply to shell-and-tube ex- 
changers with one floating head, segmental baffles, 1-in.-OD tubes 16 ft 
long, and a safe working pressure of 150 psig. These data must be regarded 
as approximate and should be used only for preliminary rough estimates. 

Relative Costs. The relative effect of tube diameter, tube length, and 
operating pressure on the purchased cost of heat exchangers is shown in 
Figs. 15-13 through 15-15.* If two floating heads are used in a single shell 
in place of one floating head, the exchanger cost will be increased by ap- 
proximately 30 per cent, and a decrease in cost of about 10 to 15 per cent 
occurs if fixed tube sheets or U tubes are used instead of one floating 
head. Table 8 lists relative costs for tube-and-shell heat exchangers on the 
basis of the material of construction used for the tubes. 
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Fic. 15-16. Costs for conventional shell-and-tube heat exchangers. (Heating sur- 
face = Ag.) 


Costs per Square Foot of Heating Surface.j Figure 15-16 shows ap- 
proximate costs per square foot of heating surface for conventional floating- 
head exchangers with various materials of construction. Costs for forced- 


* f. N. Sieder, Chem. & Met. Eng., 46:322 (1939). e 
+R. S. Aries and R. D. Newton, “Chemical Engineering Cost Estimation,” McGraw- 
Hill Book Company, Inc., New York, 1955. 

H. Bliss, Chem. Eng., 54(5): 126; 54(6):100 (1947). 

CG. H. Chilton, Chem. Eng., 56(6):97 (1949). 
?, L. Rubin, Chem. Eng., 60(5):201; 60(7):177; 60(9) :229; 60(10): 196 (1953). 

Q. T. Zimmerman and I. Lavine, “Chemical Engineering Costs,’”’ Industrial Research 
Service, Dover, N.H., 1950. 
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Fia. 15-17. Costs for long-tube vertical and forced-circulation evaporators complete 
with condensers and pumps. 


circulation evaporators and long-tube evaporators are presented in Fig. 
15-17. 


OPTIMUM DESIGN OF HEAT EXCHANGERS 


Two types of quantitative problems are commonly encountered by the 
design engineer when he is dealing with heat-transfer calculations. The 
first type is illustrated by Examples 3 and 4 in this chapter. In these ex- 
amples, all of the design variables are set, and the calculations involve 
only a determination of the indicated nonvariant quantities. The condi- 
tions specified for Examples 3 and 4 give low pressure drops through the 
exchangers. Alternative conditions could be specified which would give 
higher pressure drops and less heat-transfer area. By choosing various 
conditions, the engineer could ultimately arrive at a final design that would 
give the least total cost for fixed charges and operation. Thus, the second 
type of quantitative problem involves conditions in which at least one 
variable is not fixed, and the goal is to obtain an optimum economic 
design. 

In general, increased fluid velocities result in larger heat-transfer coeffi- 
cients and, consequently, less heat-transfer area and exchanger cost for a 
given rate of heat transfer. On the other hand, the increased fluid veloci- 
ties cause an increase in pressure drop and greater pumping costs. The 
optimum economic design occurs at the conditions where the total cost is 
aminimum. The basic problem, therefore, is to minimize the sum of the 
variable annual costs for the exchanger and its operation. 
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General Case * 


The design of most heat exchangers involves initial conditions in which 
the following variables are known: 

1. Process-fluid rate of flow 

2. Change in temperature of process fluid 

3. Inlet temperature of utility fluid (for cooling or heating) 
With this information, the engineer must prepare a design for the optimum 
exchanger that will meet the required process conditions. Ordinarily, the 
following results must be determined: 

1. Heat-transter area 

2. Exit temperature and flow rate of utility fluid 

3. Number, length, diameter, and arrangement of tubes 

4. Tube-side and shell-side pressure drops 

The variable annual costs of importance are the fixed charges on the 
equipment, the cost for the utility fluid, and the power cost for pumping 
the fluids through the exchanger. The total annual cost for optimization, 
therefore, can be represented by the following equation: 


Cr = A,KrCa, + Wel Cg + A, EHC; + Aly, (35) 


where C7 = total annual variable cost for heat exchanger and its opera- 
tion, $/year 
C4. = installed cost of heat exchanger per unit of outside-tube heat- 
transfer area, $/sq ft 
C,, = cost of utility fluid, $/lb 
C; = cost for supplying 1 ft-lb force to pump fluid flowing through 
inside of tubes, $/ft-lb force 
C, = cost for supplying 1 ft-lb force to pump fluid flowing through 
shell side of unit, $/ft-lb force 
A, = area of heat transfer, sq ft; subscript o designates outside of 
tubes 
Kp = annual fixed charges including maintenance, expressed as a 
fraction of initial cost for completely installed unit, dimen- 
sionless 
w, = flow rate of utility fluid, lb/hr 
H,, = hours of operation per year, hr/year 
E; = power loss inside tubes per unit of outside tube area, ft-lb 
force/(hr)(sq ft) 
2, = power loss outside tubes per unit of outside tube area, ft-lb 
force/ (hr) (sq ft) 


* The analysis presented in this section is similar to that of M. Cichelli and M. Brinn, 
Chem. Eng., 63(5):196 (1956). Optimum design methods for heat exchangers are also 
discussed by W. H. McAdams, “Heat Transmission,” 3d ed., McGraw-Hill Book Com- 


pany, Inc., New York, 1954. 
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An optimum design could be developed from Eq. (35) by the laborious 
procedure of direct trial and error, taking all possible variables into con- 
sideration; however, the procedure can be simplified considerably by using 
the method of partial derivatives. 

Under ordinary circumstances, the effect of tube diameter on total cost 
at the optimum operating conditions is not great, and a reasonable choice 
of tube diameter, wall thickness, and tube spacing can be specified at the 
start of the design. Similarly, the number of tube passes is usually speci- 
fied. If a change in phase of one of the fluids occurs (for example, if the 
utility fluid is condensing steam), solution of Eq. (35) for optimum condi- 
tions can often be simplified. For the case of no change in phase, the solu- 
tion can become complex, because the velocities and resulting power costs 
and heat-transfer coefficients can be varied independently over a wide 
range of values. In the following analysis, the general case of steady- 
state heat transfer in shell-and-tube exchangers with no change in fluid 
phase is considered, and a specified tube diameter, wall thickness, number 
of passes, and arrangement of baffles and tubes are assumed. Simplifica- 
tions are indicated for the common conditions of turbulent flow. 

Choice of Primary Independent Variables. The heat-transfer area A, 
can be related to the flow rates and the temperature changes by an over- 
all heat balance and the rate equation. If heat losses are assumed as neg- 
ligible and q is designated as the rate of heat transfer to the utility fluid, 


C— WuCp, (te —h)= w'cp (ty = tz) = U,A, Atm (36) ss 


where the primes refer to the process fluid. Subscript 1 refers to the enter- 
ing temperature, and subscript 2 refers to the leaving temperature. 
From Hq. (36), 
q 


ge ee a (37) 
Cp, (Aty — Ate + ty — fg) 


where At; = 4; — 4) and Aly = ti — to. Since G; Cp,» Ati, tj}, and t are 
constant, w, is a function only of the independent variable Ato. + 

The area A, is known if U, and At, are fixed. The over-all coefficient 
U, is known if the inside and outside film coefficients, h; and h,, are fixed, 
and, for a given number of tube passes, At», varies only with changes in 


* Under these conditions, ¢ is negative if the exchanger is used for heating the process 
fluid, and q is positive if the process fluid is cooled. 

t The heat capacity, viscosity, and density of the fluids are taken as constant at an 
assumed average temperature. This assumption is adequate for most cases. If greater 
precision is necessary, the results of the initial calculation can be used to obtain new 
sia for the physical constants, and the corresponding optimum conditiens can be 
determined. 
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Ato. Therefore, A, is a function of h;, h,, and Atz, as shown by the following 














equations: 
Atm 1 1 ( De 
Pe ND ee Rus) oe) 
Fr(Ata— Ay) 1 1 @ 1 
Eiinaai | Wid, Ae Diy hy Row) 


where U, = over-all coefficient of heat transfer based on outside tube 
area A, 

correction factor on logarithmic-mean temperature difference 
for counterflow to account for number of passes; Py = 1 if 
unit is counterflow and single-pass on shell and tube sides (see 
Fig. 15-2) 

Raw» = combined resistance of tube wall and scaling or dirt factors, 


Fp 


Dt. Ds; 1 
Real2 Diha :3 hay 





Wlog mean 


For a set diameter and tube arrangement, Eqs. (26) and (29) show that 
h; is fixed by the mass velocity G inside the tubes and h, is fixed by the 
mass velocity G, outside the tubes. Similarly, since the heat-transfer 
area A,, mass velocities, and flow rates determine the length of the tubes 
L, Eqs. (30) and (31) show that #; and £, are functions of A,, flow rates, 
and, respectively, G and G,.* Thus, £; and EH, are functions of h;, ho, 
and Af. 

The variables in Eq. (35) are A,, wu, E;, and H,, and their values are 
set if h;, ho, and Aty are known. Partial differentiation, therefore, of Eq. 
(35) with respect to the three independent variables h;, ho, and Atz would 
lead to a solution for the optimum conditions. However, the resulting 
equations are cumbersome, and the procedure is simplified by retaining 
the following four variables: 

1. Tube-inside coefficient of heat transfer, h; 

2. Tube-outside coefficient of heat transfer, h, 

3. Temperature-difference driving force for counterflow based on tem- 
perature of utility fluid at exit from exchanger, Ats = t; — te 

4. Outside tube area of heat transfer, A. 

Optimization Procedure. The first step in the optimization procedure 
is to express Eq. (35) in terms of the fundamental variables. The follow- 
ing relationships for power loss inside tubes and power loss outside tubes 


are developed in Table 9 for conditions of turbulent flow and shell-side 


* See Eqs. (B) and (H) in Table 9. 
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fluid flowing in a direction normal to the tubes: 


E; = ph?? (40) 
EL. at Ie ie (41) 
12,200D;' Bal cad (TROY TRY 
wine on | 2200Dta Manda i 
f [AD Prag weighed eA 
Bs N,N. | ee ae 
eee n, Ni Wg Gap hye Gp a 


All the terms in the brackets are set by the design conditions or can be 
approximated with good accuracy on the first trial. The values of B; and 


TABLE 9. DEVELOPMENT OF EQUATIONS FOR OPTIMIZATION 
OF HEAT-EXCHANGER DESIGN 


Conditions: Turbulent flow in shell-and-tube heat exchangers with cross flow on the 
shell] side. 
Power Loss inside Tubes 
B,2},G°Lny 2 2,G,7Ln, 


A A i= = lie EF. )ie i ; 
JcpiDidi IcpiDidi + ( + 1 )Npp (Eq 30) 


.\ 0.14 
(Alyuds =O1c02 (=) 





Np 
(A3) Ap = NiwD,L 
where S; = cross-sectional flow area inside tubes per pass 
N; = total number of tubes in exchanger = (number of tubes per pass) np 
_ Api | ApiGS; = Api;GD? 
piAs piAo 4p;:DoLny 





(B) £E; 


For turbulent flow in tubes, 


res 0.046 0.046 
(CC) fi = ip? = (DG? (Chap. 14, Eq. 7a) 





Combining Eqs. (A), (B), and (C), 
a 0.023B ju;°:?D,° 8G2:8 
IcDopi2oi as 


AD; DiG\°8 /eneug\ * / ug \ 9-14 
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TABLE 9. DEVELOPMENT OF EQUATIONS FOR OPTIMIZATION 
OF H®AT-EXCHANGER DesiGn (Continued) 


Combining Eqs. (A1), (D), and (£1), 
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Power Loss outside Tubes 
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(1) So =—— 
U7) 
where S, = shell-side free-flow area across shell axis 
N, = number of clearances between tubes for flow of shell-side fluid across shell 
axis 
D, = clearance between tubes to give smallest free area across shell axis 
ny» = number of baffle spaces = number of baffles + 1 


For turbulent flow across tubes, 


pati (o=") (Eq. 32) 


See Eqs. (33) and (34) for values of 6, in terms of tube size and arrangement. 
Combining Eqs. (G), (1), (J), and (J), 
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» = 0.33 for staggered tubes and 0.26 for in-line tubes 
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Combining Eqs. (UX) and (1), 
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B,/n» are not completely independent of the film coefficients, but they do 
not vary enough to be critical. As a first approximation, B; is usually 
close to 1, and B, is often taken to be equal to or slightly greater than the 
number of baffle passes np». The value of the safety factor /’s depends on 
the amount of bypassing, and it is often taken as 1.6 for design estimates. 
The ratio N,N,./N;, depends on the tube layout and baffle arrangement. 
For rectangular tube bundles and no baffles, this ratio is equal to 1.0. For 
other tube layouts and segmental baffles, the ratio is usually in the range 
of 0.6 to 1.2. 

Equation (35) can now be expressed in terms of the primary variables 
Ate, hi, ho, and Aj: 


gH Cu 
Cr = AoKrCa, + 


Cpy(Aty — At, + t — tg) 
+ Aw he°H,C; + Agar Hale (42) 


Only three of the four variables in Eq. (42) are independent. Under these 
conditions, optimization can be accomplished by use of the Lagrange 
multiplier method.* The necessary relationship for applying the constant 
Lagrangian multiplier \ is given by Eq. (43): 

jee AE ee) ( De 


qin (Atg/At,) Ao 





1 
Die = he + Raw) | = 0 (43) 


Equations (42) and (43) can now be added to give the following equation 
for optimization by partial differentiation with respect to each of the four 
primary variables: 


AG. 
Cr SARC eee ae 


Cp,(Aty — Ate + t; — 6) 
+ Awhe°H,C; ot AWolg stcld 


ea . ( D. , 1 
q In (Ate/ At) As \Diht 1 he a Raw) | (44) 





Optimum Value of ho. The following relationship between the optimum 
values of h; and h, is obtained by taking the partial derivative of Ec 
(44) with respect to h; and then with respect to h,, setting the age 
equal to zero, and eliminating A, and X: 





OC r AD 

= 3.5A5,opWihiowH yC; + ————-. = 

" r pt y 44 nea 0) 45 
Oh; Agranst iit ont ; ’ 

*T. S. Sokolnikoff and E. 8. Sokolnikoff, “Higher Mathematics for E 


Physicists,” McGraw-Hill Book Company, Inc., New York, 1941 mea 
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Optimum Value of h;. The optimum value of h; can be determined by 
setting the partial derivatives of Eq. (44) with respect to A, and with re- 
spect to h; equal to zero and eliminating A, and X. This gives a result 
with hjop¢ and hy op: aS the only unknowns, and simultaneous solution with 
Kq. (45c) yields Eq. (46b), where h;,op¢ is the only unknown. 


aCr ie p35 2 4.75 
aA FC. = Vili opt Ce + Volto ontt yCo 








ie ( a ener ) 
ae Sy, w = 0 46 
ee DAigent he.ont : ( a) 


af, bY, 1,CiD;Ra wlicont 


Renn | 2.5vitt,0, + D, 
ViC;D; 0.83 
139 (*) oC) HN | = KrCs, (460) 


0 


Optimum Value of U,. A trial-and-error or graphical method can be 
used to obtain h;,.p: from Eq. (46b). Then, by Eqs. (38) and (45c), the 
value of U,.op¢ can be determined as 





U ( cL daar a) 
oe Djhjopt ho,opt v) Se 


Optimum Value of Atz. The value of U,op¢ is now known, and Atg op; 
can be determined by setting the partial derivatives of Eq. (44) with re- 
spect to Afy and with respect to A, equal to zero and eliminating \. The 
result can be combined with Eqs. (39) to (41) to give 


Fr Uoiopell yOu 
Coy(KrCa, i Eiji tl Ci = Eooptll yo) 


i — te Als « At 
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Equation (48) can be solved for Ats,.», by trial and error or by Fig. 
15-18, which is a plot of Eq. (48).* 
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Fie. 15-18. Graphical solution of Eq. (48) for evaluation of optimum Af, in heat ex- 
changers. 


Optimum Value of Ay. Since Aty,,,, and, therefore, Atn,opt are NOW 
known, A,,op¢ can be determined directly from Eq. (38). 

Optimum Value of Gand G,. Equations (#1) and (Z1) in Table 9 give 
Gopt and Gs opt, respectively, in terms of hj,o», and Recut 

Optimum Value of w,. The flow rate of the utility fluid (w,,) is set by 
the value of Ata. Therefore, when Aty,,»; is known, Wu,opt can be calculated 
from Eq. (87). 

Optimum Values of S; and N;. The optimum flow area inside the tubes 
per pass can be calculated from the following equation: 





s = 
t:opt — 49 
eee (49) 
The optimum total number of tubes in the exchanger is 
4n S; opt 
Ni.opt = ——— ) 
topt ay (50) 


* A. P. Colburn, Eng. Bull. Purdue Univ., vol. 26, ser. 84, no. 1, January, 1942. 
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Optimum Value of L. The optimum length per tube is set by the opti- 
mum heat-transfer area and the total number of tubes. Thus, for a given 
tube diameter 

Avent 


Loot = ————_ 
i TDN t,opt (51) 


Optimum Values of So, Ne, and ny. The following equation gives the 
optimum shell-side free-flow area across the shell axis: 


Wo 
Gioot 
The number of clearances N, for flow between tubes across the shell axis 
is determined by the number of tubes in the shell, the pitch of the tubes 
and the arrangement of the tubes. For the common case of a cylindrical 
shell and transverse clearances giving the minimum free area, the following 


equations can be used to obtain an approximation of No op1:*T 
With square pitch and N, greater than 25 


Ne,opt a LSt Nee (53) 
With equilateral triangular pitch and N; greater than 20 


Nope — 8.7) \ 
0.907 


The optimum number of baffle spaces can be estimated by Eq. (J) in 
Table 9 as follows: 
Ne,optDeLopt 


CS, a arma) (55) 


Set 


re aye = 





(52) 


Nevopt = 0.94 + ( (54) 


Summary of Procedure for General Case of Optimum Design 


In the preceding analysis, consideration has been given to the general 
ease in heat-exchanger design in which the following conditions apply: 

1. The flow rate and necessary temperature change of the process fluid 
are known. 

2. The inlet temperature of the utility fluid is known. 

3 The exchanger is a shell-and-tube type with crossflow baffling, and 
flow is in the turbulent range on both the tube side and the shell side. 

4. No partial phase changes occur. 

5. Necessary safety factors are known. 

*W. H. McAdams, “Heat Transmission,” 3d ed., p. 434, McGraw-Hill Book Com- 
pany, Inc., New York, 1954. 

+ Equations (53) and (54) are based on the assumption that shell inside diameter/ 
tube pitch = number of tubes in a row across the shell axis = number of clearances 
across the shell axis. No allowance is made for decrease in available tube space when 
more than one tube pass is used. The equations are general and are not necessarily 


limited to optimum conditions. 
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The following information may be specified for the design or can be 
assumed as a reasonable approximation: 

1. Tube diameter, wall thickness, pitch, and arrangement 

2. Number of tube passes 

3. Heat-transfer resistance caused by tube walls, dirt, and scale 

The following information must be assumed for the first trial and then 
checked when the optimum conditions are obtained (usually, no more 
than two trials are necessary, and an experienced engineer can often make 
adequate assumptions on the first trial): 

1. Average bulk and film temperatures 

2. Values for B; (usually 1.0), B,/nz (usually 1.0), and N,N ./N; (usually 
1.0) 

The calculation procedure is as follows: 

1. Determine h;,o), from Eq. (46b) 
Determine h,,op, from Eq. (45c) 
Determine U,,o»; from Eq. (47) 
Determine Aty,5»; from Eq. (48) or Fig. 15-18 
Determine A,,op: from Eq. (39) 
Determine G,»; and Gs op, from Eqs. (#1) and (1) in Table 9 
Determine Wyo»: from Eq. (37) 
Determine S;,op: and N;z,op: from Eqs. (49) and (50) 
. Determine L,,; from Eq. (51) 

10. Determine S,op1; Ne,opt; ANd Ns,opt from Eqs. (52) through (55) 

11. Check assumptions; if any are invalid, make new reasonable as- 
sumptions and repeat procedure 


Se oa pete eee 


Example 5. Development of the Optimum Design for a Shell-and-Tube Heat Ex- 
changer. A gas under pressure with properties equivalent to air must be cooled from 
150 to 100°F. Cooling water is available at a temperature of 70°F. Use of a shell- 
and-tube heat exchanger with cooling water as the utility fluid has been proposed. On 
the basis of the following data and specifications, determine the tube length, number 
of tubes, and installed cost for the optimum exchanger which will handle 20,000 lb of 
the gas per hour. 


1. Exchanger specifications 
a. Steel shell-and-tube exchanger with cross-flow baffling. 
b. Cooling water passes through shell side of unit. 
c. One tube pass and countercurrent flow. 
d. Tube OD = 1.0in. Tube ID = 0.782 in. 
e. 1!4-in. triangular pitch. Tubes are staggered. 
2. Costs 
a. Data presented in Fig. 15-16 are applicable. 
b. Installation cost equals 15 per cent of purchased cost. 
c. Annual fixed charges including maintenance equals 20 per cent of installed cost. 
d. Cost for cooling water (not including pumping cost) is $0.005 per 1000 Ib. 
e. Cost for energy supplied to force the cooling water and the gas through the ex- 
changer (including effect of pump-and-motor efficiency and cost) is $0.02 per kwhr. 
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3. General 

a. Average absolute pressure of gas in exchanger is 10 atm. 

b. Unit operates 7000 hr/year. 

ce. In the friction relations, B; can be taken as 1.2, and B, can be taken as equal to 
the number of tube crosses, assuming the optimum number of baffles can be in- 
stalled in the unit. 

d. The safety factor Ff for the outside film coefficient is 1.3. 

e. Fouling coefficient for cooling water is 1500 Btu/(hr)(sq ft)(°F). Fouling coef- 
ficient for gas is 2000 Btu/(hr)(sq ft)(°F). 

f. At the optimum conditions, flow on tube side and shell side is turbulent. 

g. The factor N,;N./N; can be taken as 1.0. 


Solution 

Assumptions: 

Exit temperature of cooling water = ft = 110°F 

Average At over cooling-water film = 10 per cent of total At 

Average At over air film = 80 per cent of total At 

Purchased cost per square foot of outside heat-transfer area = $12 

Temperatures and physical properties: 
= 150°F, tg = 100°F, 4; = 70°F, t2 = 110°F 

At) = tg — ty = 30°F 

Average bulk water temperature = 90°F 

Average bulk gas temperature = 125°F 

Average water-film temperature = 90 + (0.1/2)(85) = 91.8°F 

Inside wall temperature = 125 — (0.8)(35) = 97°F 

From Appendix: For water at 91.8°F, k = 0.359 Btu/(hr)(sq ft)(°F/ft), » = 
(0.748)(2.42) = 1.81 lb/(hr)(ft), ep = 1 Btu/(Ib)(°F). For water at 90°F, p = 62.1 
lb/cu ft. For air at 125°F, k = 0.0162 Btu/(hr)(sq ft)(°F/ft), « = (0.019)(2.42) 
0.046 Ib/(hr)(ft), cp = 0.25 Btu/(Ib)(°F), p = (29)(492)(10) /(359)(460 + 125) = 
0.68 Ib/cu ft. For air at 97°F, » = (0.0185)(2.42) = 0.045 lb/(hr)(ft). 

Determination of optimum U,. From Eq. (40a), 


12,200D; ake BaF Fae (TI 3 / mi ;)0-68 
Je Dop7ki bs sa Re 17 





ll 


(1.2)(12,200)(0.782/12)'-(0.046)'$8(0.045 /0.046)°- 
i = ~~ (32.17)(3600)(14 2)(0.68)2(0.0162)?-38(0.25)!:17 





vi = 4.1 X 10% 


From Eqs. (33) and (41a), 


0.11 
= ———__ = 0.72 
bo = 0.23 + (125-18 


BONN « 2boDale re ay 


ae 3. 7, “8 
np Ne Qo" 159 pork Cpso 





(1)(1)(2)(0.72)0. 25/12)(14 2)°79(1.3)* (1.81) je 
Yo = 73 14)(0.33)*79(32,17)(3600)2(62.1)2(0.359)*7(1) 158 





vo = 3,8 X 10-4 
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twDo r! AI 1 — (0.109/12)(}42) ae) 4 1 
Faw = EDanog mean? Dikay * ha, (26)(0.891/12) * (0.782/12)(2000) * 1500 
=i veKa0 
$0.02 
= SS ———— or ft-lb f rce 
CCS SD Osemaln,k eke 
From Eq. (460), 
0.02 
-y8.5 ae) | 2 BNA Led 
(hi,opt) "(7000) Gere x Fa i i 
ff (3.5)(4.1° X_10—*)(0.782/12)(1.7 X 10~*)hi,ope 
Vo 


7 Ne 10~* X 0.782 


0.83 
; ) (3.8 X 10-1)" (hsoni?® | = (0.2)(12)(1.15) 


+269 ( 


By trial and error, 
hiopt = 80 Btu/(hr)(sq ft)(°F) 
From Eq. (45c), 
(0.74)(4.1 & 107*)(0.782/12) 
ee | (3.8 X 10-4)(142) 





0.14 
| (80)? = 640 Btu/(hr)(sq ft)(°F) 
From Eq. (47), 


1 1 a 
Gite — Coe ean cones a 0.0017 | 
ee ee T 640 7 


= (0.0160 + 0.00156 + 0.0017)! = (0.0193) — 
= 52 Btu/(hr)(sq ft)(°F) 





‘ 0.0160 
Per cent total At over air film = (100) = 83 per cent 
0.0193 
Per Hal Ae eger rater ee 100) = 8.1 per 
er cent total At over water film = 0.0193 ° ) = 8.1 per cent 


Therefore, the per cent At assumptions are adequate. 
Determination of optimum Ate: 

Cu = $5 X 10~* per lb of water 

Fr =1 


Fru oplHyCy 
Cp,(KrC a, + Ei optlty Cs ar Eo,opttlyCo) 





me (1)(52)(7000)(5 & 10~*) 
(0.2)(12)(1.15) + (4.1 & 10~*)(80)*5(7000) 
(1) 0.02 


) + (3.8 X 10—)(640)*-"°(7000) ae 
2.655 X 10° 








=: x 108 
= 0.47 


i —t 150 — 100 rer 
At) » = <80 ata 
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From Fig. 15-18, 
Als opt 
Aty 


= 1.4 
Ale opt — ti ae te opt — (30)(1.4) = 42°hr 
lo opt = 150 — 42 = 108°F 


The assumption of tg = 110°F is adequate. 
Determination of optimum A,: 





Atm opt = et eee = nl 
q (20,000) (0.25)(50 
Ao,ont i +R are se ( _ i = 134 8q ft 
o.opl Atm, op‘ (52) (36) 


From Fig. 15-16, the assumed purchased cost of $12 per square foot of outside area 
is adequate. 

Cost of installed exchanger = (134)(12)(1.15) = $1850. 
eames of optimum number of tubes and tube length: From Eq. (#1) in 
Table 9, 








7 ORS ey 0.0162 % /0.045\ 9-1471.25 
Ti,opt = PRP 
a (0.023)(0.0162) 0.25 X 0.046 eae | 


I] 


123,000 Ib/(hr)(sq ft) 
20,000 





S; 0 a NE, Ss 
t,opt 123,000 0.163 Sq ft 
4)(0. 
Number of tubes = Se 7 = 
(3.14)(0.782/12)* 
134 


Tube length = 10.5 ft 


(3.14)(442)(49) 

A check on the Reynolds numbers indicates that flow on tube side and shell side is 
turbulent. 

For the optimum exchanger: 

Installed cost = $1850 

Number of tubes = 49 

Tube length = 10.5 ft 

Nore: An optimum design of this type can be used as a guide for the final selection 
of an exchanger. However, practical factors of operation must also be considered. In 
this case, a large number of baffles are required to give the optimum conditions. Be- 
cause the water-film coefficient is large relative to the air-film coefficient, a reduction 
in the number of baffles would have little effect on the optimum design. 


SIMPLIFIED CASES OF OPTIMUM DESIGN 


Immaterial Power Costs on Shell Side or Tube Side. In the opera- 
tion of heat exchangers, the power cost for one of the fluids is often imma- 
terial. For example, process cooling water is ordinarily supplied under 
sufficient pressure so that no pumping-power costs are necessary for the 
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water. The highest useful water velocity should be employed in order to 
minimize the heat-transfer resistance caused by the water film, and a rea- 
sonable water-film coefficient can be assumed. Thus, if power costs on 
one side of the exchanger are immaterial, the problem reduces to one in 
which the film coefficient and, therefore, the fluid velocity on one side of 
the exchanger are fixed. Under these conditions, the number of inde- 
pendent variables for the development of the type of optimum design dis- 
cussed in the preceding sections is two. Possible choices of the basic inde- 
pendent variables could be h;, Ata; hi, Ao; or Ao, Ate.* 

Shell-side Power Cost Immaterial. In this case, the value of C, in Eqs. 
(35) and (44) is zero and h, is constant. The optimization can be accom- 
plished by differentiating Eq. (44) under the given conditions. The fol- 
lowing expression for the evaluation of h;,op; is obtained by setting the 
partial derivatives of Eq. (44) with respect to h; and with respect to Ag 
equal to zero: 


3.5y:HyCiD; 


1 
D (— sie Raw) hiont| = KrCa, (56) 


hen | 2.5yit yCi =F 
ho 

The value of hj,opt can be determined from Eq. (56), and U, op: can then 
be calculated from Eq. (38). When U,,o»: is known, the optimum value 
of At. can be obtained from Eq. (48) or Fig. 15-18, and the optimum design 
is fixed. 

Tube-side Power Cost Immaterial. Optimization of the heat-exchanger 
design for this situation is based on the assumption that C; is zero and h; 
is constant. The procedure is similar to that for the case of shell-side 
power immaterial as described in the preceding paragraph. The optimum 
value of h, can be determined from the following equation, which is ob- 
tained by setting the partial derivatives of Eq. (44) with respect to h, and 
with respect to A, equal to zero: 


5 Do 
Bes | 8.75440. oh 4.75y.H Co (= a Raw) eons = KrCa, (57) 


ue 


If power costs on both the tube side and the shell side are to be con- 
sidered, the ratio of these two costs can be evaluated from the following 
equation: 

Power cost on tube side £,C; = y,h>°C; 


Power cost on shell side a EC. = AAT Be (55) 


As in the previous cases, Eq. (58) applies to a crossflow shell-and-tube 
* An alternative approach for this type of situation is deseribed in Chap. 9 (Optimum 


Design) for the case of optimum flow rate of cooling water in a condenser. Equation 
(54) in Chap. 9 is merely a special case of Eq. (48) where ty - te is zero, 
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exchanger with flow in the turbulent range and no phase change. The 
equation is not limited to optimum conditions. 

Flow Rate of Utility Fluid Fixed. A situation sometimes occurs in 
which the maximum temperature of a utility coolant fluid is fixed, thereby 
setting the coolant flow rate. In other cases, the operating circumstances 
may arbitrarily set the utility-fluid flow rate as well as the process-fluid 
flow rate. Under these conditions, Aty is constant, and only two inde- 
pendent variables are involved in the optimization procedure. Since Ats 
was held constant in the development of Eqs. (45c), (466), and (47), these 
equations can be used for determining the optimum over-all heat-transfer 
coefficient. This coefficient, combined with the known values of At. and 
At,, is sufficient to permit calculation of the optimum heat-transfer area 
by Eq. (39), and the rest of the design variables are then established. 

Change in Phase of One Fluid (Temperature of the Fluid Remains 
Constant). The procedure for developing an optimum heat-exchanger 
design is simplified if the temperature of one of the fluids remains con- 
stant. This condition is often encountered when one of the fluids changes 
phase, as in a condenser or a steam heater. 

When the process fluid is the one that changes phase, the three inde- 
pendent variables h;, h,, and At, are involved, and the general procedure 
for developing the optimum-design equations is similar to that outlined 
for the case of no phase change. 

Under many conditions, however, determination of the optimum over-all 
coefficient is simplified, because the pressure drop and the resulting power 
costs for a condensing fluid can be taken as zero and the heat-transfer 
resistance of the condensing-fluid film is relatively small, permitting the 
assumption of a reasonable constant value for the film coefficient. Thus, 
if the fluid that changes phase is the process fluid, the number of inde- 
pendent variables in the design is reduced to two, as in the case of imma- 
terial power costs on the shell side or tube side. If the change in phase 
occurs on the shell side, Eq. (56) can be used to evaluate hyo, and Us ont 
can then be obtained from Eq. (38). Similarly, if the phase change is on 
the tube side, Eq. (57) gives the optimum value of fp. When Upon: 18 
known, Eq. (48) with t; — ty equal to zero, or the bottom line in Fig. 
15-18, can be used to evaluate the optimum value of Afy. The procedure 
for this situation, as applied to a condenser with immaterial power costs 
for the utility fluid, is presented in detail in Chap. 9. 

If the condensing fluid happens to be the utility fluid, as in a steam 
heater, the value of At, is set by the condensing temperature, and the 
independent variables are h; and h,. For the common case of negligible 
power cost and constant value of the film coefficient on the phase-change 
side of the exchanger, only one independent variable remains. In this 
situation, the optimum design can be established by setting the partial 
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derivatives of Eq. (44) with respect to A, and with respect to the inde- 
pendent film coefficient equal to zero. The resulting optimum film coeffi- 
cient for change in shell-side phase can be calculated from Eq. (56), and 
that for change in tube-side phase is given by Kq. (57): 

Velocity of One Fluid Fixed (h; or h, Fixed). Because of fouling effects, 
there may be a limit on the velocity of one of the fluids in a heat exchanger. 
For example, the velocity of cooling water in the tubes of a shell-and-tube 
exchanger is often specified as 3 fps. If the velocity of one fluid is 
specified, the coefficient for that fluid is set, and the independent variables 
become Ats and the film coefficient of the other fluid. 

Inside-tube Velocity Fixed. If the inside-tube velocity 1s fixed, h; is con- 
stant, and the optimum value of h, can be established by eliminating \/A, 
from Eqs. (45b) and (46a) to give 


Do 
higie  B.75¥6H1,C. + 4.75y,.H,Co (— + Raw) hear 


ue 


= KrCa,+ Wihe°H,C; (59) 


Trial-and-error or graphical solution of Eq. (59) yields the value of ho ops, 
and U,.op: can be calculated from Eq. (39). Figure 15-18 or Eq. (48) can 
then be used to obtain Atz,,», and the optimum design conditions are fixed. 
Outside-tube Velocity Fixed. When h, is constant, the procedure for 
evaluation of h;,op, and the other optimum conditions is similar to that de- 
scribed in the preceding paragraph. By eliminating \/A, from Eqs. (45a) 
and (46a), the following expression for evaluation of /j;,op¢ 18 obtained: 


7 3.5¥iH,CiD; (1 
hi oot 2.5~,;H,C; a egy ma os lide hit | 


= KrC4,+ oho HC, (60) 


GENERAL METHODS FOR PROCESS DESIGN OF HEAT EXCHANGERS 


The procedures used for developing the design of heat exchangers vary 
with the type of problem and the preference of the worker. Some engineers 
prefer to develop the design for a heat exchanger by a method known as 
rating an exchanger. In this method, the engineer assumes the existence 
of an exchanger and makes calculations to determine if the exchanger 
would handle the process requirements under reasonable conditions. If 
not, a different exchanger is assumed, and the calculations are repeated 
until a suitable design is developed. For example, with a given set of 
process requirements, the engineer could assume the existence of an ex- 
changer with a designated tube size, tube spacing, baffle type, bafHle spacing, 
and number of tubes and passes. The engineer might then proceed through 
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the process-design calculations by computing an over-all heat-transfer 
coefficient and evaluating all flow rates, areas, lengths, and pressure drops. 
Repeated trials may be necessary to obtain an accurate over-all coefficient. 
If the results of the final design indicate that the assumed exchanger has 
reasonable dimensions, reasonable cost, and acceptable pressure drops, the 
unit is considered as adequate and the design is complete. 

An alternative approach, of course, is to base the design on optimum 
economic conditions, using the methods described in the preceding sections. 
No matter which approach is used, the general method of attack for a 
given set of process conditions consists of the following steps: 

1. Determine the rates of flow and rate of heat transfer necessary to 
meet the given conditions. 

2. Decide on the type of heat exchanger to be used, and indicate the 
basic equipment specifications. 

3. Evaluate the over-all heat-transfer coefficient and also the film coeffi- 
cients, if necessary. In many cases, fluid velocities must be determined in 
order to obtain accurate heat-transfer coefficients. 

4. Evaluate the mean temperature-difference driving force. 

5. Determine the necessary area of heat transfer and the exchanger 
dimensions. 

6. Analyze the results to see if all dimensions, costs, pressure drops, and 
other design details are satisfactory. 

7. If the results of (6) show that the exchanger is not satisfactory, the 
specifications given in (2) are inadequate. Choose new specifications and 
repeat steps 3 through 7 until a satisfactory design is obtained. 


NOMENCLATURE FOR CHAP. 15 


ad, = constant in Eq. (29) for evaluating outside film coefficient of heat transfer, 
dimensionless 
A = area of heat transfer, sq ft; subscript m designates mean area; subscript o desig- 
nates outside area; subscript f designates film area 
b, = constant in Eq. (32) for evaluating shell-side friction factor, dimensionless 
B; = correction factor in Eq. (30) to account for friction due to sudden contraction, 
sudden expansion, and reversal of flow direction, dimensionless 
B, = correction factor in Eq. (31) to account for friction due to reversal of flow direc- 
tion, recrossing of tubes, and variation in cross section, dimensionless 
c. = constant, dimensionless; defined in Table 4 
-¢, = heat capacity, Btu/(Ib)(°F); prime refers to process fluid 
C4. = installed cost of heat exchanger per unit of outside-tube heat-transfer area, 
“10 
$/sq ft 
C; = cost for supplying 1 ft-lb force to pump the fluid through the inside of the 
tubes, $/ft-lb force 
(, = cost for supplying 1 ft-lb force to pump the fluid through the shell side of the 
exchanger, $/ft-lb force 
Cy = total annual variable cost for heat exchanger and its operation, $/year 
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cost of utility fluid, $/Ib 

diameter or distance, ft 

diameter, in. 

clearance between tubes to give smallest free area across shell axis, ft 
equivalent diameter = 4 X hydraulic radius, ft 

power loss per unit of outside-tube heat-transfer area, ft-lb force/(hr)(sq ft); 
subscript 7 designates inside tubes, and subscript 0 designates outside tubes 
Fanning friction factor for isothermal flow, dimensionless 

special friction factor for shell-side flow, dimensionless 

correction factor for radiant heat transfer based on relative orientation of sur- 
faces, dimensionless; defined by Eqs. (6) and (7) 

friction due to sudden contraction, ft-lb force/lb mass 

friction due to sudden enlargement, ft-lb force/lb mass 

correction factor for radiant heat transfer based on emissivities and absorp- 
tivities of surfaces, dimensionless; defined by Eqs. (6) and (7) 

friction due to reversal of flow direction, ft-lb force/lb mass 

safety factor in Eq. (29) to account for bypassing on shell side of exchanger, 
dimensionless 

correction factor on logarithmic-mean At for counterflow to give mean At, 
dimensionless; defined in Fig. 15-2 

local gravitational acceleration, ft/(sec)(sec) 

conversion factor in Newton’s law of motion, 32.17 ft-lb mass/(sec)(sec) (Ib force) 
mass velocity inside tubes, lb/(hr)(sq ft) 

shell-side mass velocity across tubes based on the minimum free area between 
baffles across the shell axis, lb/(hr)(sq ft) 

film coefficient of heat transfer, Btu/(hr)(sq ft)(°F); subscript ¢ indicates con- 
vection; subscript d represents dirt or fouling; subscript co indicates conduc- 
tion 

film coefficient for heat transfer by radiation, Btu/(hr)(sq ft)(°F) 

hours of operation per year, hr/year 

thermal conductivity, Btu/(hr)(sq ft)(°F/ft); subscripts z, y, and z refer to 
direction of heat-flow path 

dimensional constant; defined in Table 4 

constant in expression for evaluating friction due to sudden contraction, di- 
mensionless 

annual fixed charges including maintenance, expressed as a fraction of the 
initial cost for the completely installed unit, dimensionless 

constant for evaluation of B;, dimensionless; defined with Eq. (30) 

heated length of straight tube or length of heat-transfer surface, ft; if tubes 
in parallel are involved, L is the length of one tube 

constant, dimensionless 

number of baffle spaces = number of baffles plus 1, dimensionless 

number of tube passes, dimensionless 

number of clearances between tubes for flow of shell-side fluid across shell axis, 
dimensionless 

Grashof number = L'pg8 At/y”, dimensionless 

Prandtl number = cpu/k, dimensionless 

number of rows of tubes across which shell fluid flows, dimensionless 

Reynolds number = DG/,, dimensionless 

total number of tubes in exchanger = number of tubes per pass X np, dimen- 
sionless 


ive 


bwDR 


a0 3S - 
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number of rows of tubes in a vertical tier, dimensionless 

pressure, lb force/sq ft 

rate of heat transfer, Btu/hr 

amount of heat transferred in time 6, Btu 

radius, ft 

temperature ratio for evaluating F’7, dimensionless; defined in Fig. 15-2 
combined resistance of tube wall and scaling or dirt factors, [Btu/(hr)(sq ft) 
(°F)]~'; defined with Eq. (39) 

temperature ratio for evaluating /’7, dimensionless; defined in Fig. 15-2 
cross-sectional flow area of header per pass, sq ft 

cross-sectional flow area inside tubes per pass, sq ft 

shell-side free-flow area across the shell axis, sq ft 

temperature, °F; subscript 6 refers to average bulk temperature; subscript or 
refers to original temperature; subscript s refers to surface; in general, primes 
refer to the process fluid, subscript 1 refers to the entering temperature, and 
subscript 2 refers to the leaving temperature 

temperature of second fluid in a heat exchanger, °F; refers, in general, to process 
fluid 

absolute temperature, °R 

over-all coefficient of heat transfer, Btu/(hr)(sq ft)(°F); subscript d indicates 
that a dirt or fouling factor is included; subscript 0 indicates based on outside 
area and fouling factor included 

velocity, ft/hr; subscript 7 indicates in tubes 

velocity, fps 

weight rate of flow, lb/hr; no subscript indicates per tube; subscript wu indi- 
cates total flow rate of utility fluid; subscript 7 indicates total flow rate ‘of 
inside-tube fluid; subscript o indicates total flow rate of outside-tube fluid 
total weight rate of flow of process fluid, lb/hr 

length of conduction path, ft 

ratio of pitch parallel to flow to tube diameter, dimensionless 

ratio of pitch transverse to flow to tube diameter, dimensionless 

length of conduction path, ft 

length of conduction path, ft 


Greek Symbols 


alpha, thermal diffusivity = k/pcp, sq ft/hr 

beta, coefficient of volumetric expansion, 1/°F 

delta; At designates temperature-difference driving force, °F; subscript f desig- 
nates across film; subscript m designates mean At; subscript oa or no subscript 
designates over-all At; At; = to — ti; A = t, — t2; AP and Ap designate pressure 
drop; Ap = —AP 

epsilon, emissivity, dimensionless 

theta, time, hr 

lambda, latent heat of condensation, Btu/lb 

Lagrangian multiplier, dimensionless; defined by Eq. (43) 

mu, absolute viscosity, lb/(hr)(ft) 

pi, 3.1416--- 

rho, density, lb/cu ft 

sigma, Stefan-Boltzmann dimensional constant for radiant heat transfer; de- 


fined by Eq. (5) 
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¢ = phi, correction factor for nonisothermal flow, dimensionless; defined with Eq. 


(30) . , 
vi, Yo = psi, dimensional factors for evaluation of E; and E,; defined with Eqs. (40) 


and (41) 
Subscripts 


f = across film or at average film temperature 

i = inside pipe or tube, based on average bulk temperature 

L = liquid at average liquid temperature 

m = mean 

o = outside pipe or tube, based on average bulk temperature 
oa = over-all 
opt = optimum conditions 

u = utility fluid 

v = vapor at average vapor temperature 

w = tube or pipe wall, based on temperature at wall surface 


PROBLEMS 


1. A single-pass shell-and-tube heat exchanger contains 60 steel tubes. The ID of 
the tubes is 0.732 in., and the OD is 1.0 in. The shell side of the exchanger contains 
saturated steam at 290°F, and water passes through the tubes. The unit is designed 
with sufficient tube area to permit 15,000 gph of water to be heated from 70 to 150°F. 
In the course of this design, an ha of 1500 Btu/(hr)(sq ft)(°F) was assumed to allow for 
scaling on the water side of the tube. The film coefficient for the steam is 2000 Btu/ 
(hr)(sq ft)(°F). No safety factor other than the one scale value was used in carrying 
out the exchanger design. Estimate the temperature of saturated steam which must 
be used when the exchanger is new (i.e., no scale present) if the water enters the unit at 
a rate of 15,000 gph and is heated from 70 to 150°F. 

2. A horizontal heat exchanger has seven steel tubes enclosed in a shell having an 
ID of 5.0in. The OD of the tubes is 1.0 in., and the tube wall thickness is 0.10 in. Pure 
ethyl alcohol flows through the 1.0-in.-OD tubes. The ethyl alcohol enters the unit at 
150°F and leaves at 100°F. Water at 70°F enters the shell side of the unit and flows 
countercurrent to the ethyl alcohol. It is necessary to cool 50,000 lb of ethy! alcohol 
per hour, and it has been decided to use 100,000 Ib of water per hour. 

Under the following conditions, determine the total pumping cost for the two fluids 
in the exchanger as dollars per year: 

(a) There are no baffles, and flow on shell side can be considered to be parallel to 
the tubes. 

(b) The outside of the shell is insulated, and there is no heat loss from the shell. 

(c) The unit operates three hundred 24-hr days per year. 

(d) The efficiency of both pumps is 60 per cent. 

(e) Contraction, expansion, and fitting losses can be accounted for by increasing 
the straight-section frictional pressure drop by 20 per cent. 

(f) The specific heat of the ethyl aleohol may be assumed to be constant at 0.60. 
For water, the value may be assumed to be 1.0. 

(g) The specific gravity of the ethyl aleohol may be assumed constant at 0.77. For 
water, the value may be assumed to be 1.0. 

(h) No scale is present, and no safety factor is to be applied to the heat-transfer co- 
efficients. 

(i) Cost of power is $0.02 per kilowatthour. 
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3. A heat exchanger is to be constructed by forming copper tubing into a coil and 
placing it inside an insulated steel shell. If the following data apply, what should be 
the length of the coil? 

(a) Water will flow inside the tubing, and a hydrocarbon vapor will condense on 
the outside of the tubing. 

(6) ID of tubing = 0.5 in. 

(c) OD of tubing = 0.6 in. 

(d) Condensate rate = 1000 lb/hr. 

(e) Temperature of condensation = 190°F. 

(f) Heat of vaporization of hydrocarbon at 190°F = 144 Btu/Ib. 

(g) Heat-transfer coefficient for condensing vapor = 250 Btu/(hr)(sq ft) (°F). 

(h) Inlet water temperature = 50°F. 

(7) Outlet water temperature = 90°F. 

(j) Heat losses from the shell may be neglected. 

4. A solid surface at 1500°F is radiating to a second surface at 140°F. What tem- 
perature of the hot surface would be required if it were desired to double the number 
of Btu transmitted per hour, the sink temperature and both emissivities remaining 
constant? What will be the percentage increase of the radiation coefficient h, under 
the changed conditions? 

5. A plywood-manufacturing concern is using a binder that requires a temperature 
of 180°F in order to obtain adequate holding strength. Large slabs of the plywood at 
an initial uniform temperature of 70°F are placed in a heater, and the heating unit is 
maintained at a constant temperature. The manufacturer wishes to pass the slabs 
through the heater continuously at such a rate that each slab remains in the heater 
for 15 min. If the slabs are 1 in. thick, determine the minimum constant temperature 
(i.e., with negligible surface resistance) required for the heater if the temperature at 
the center of each slab is to reach 180°F before leaving the heater. The following 
average data apply to the plywood: density = 35 Ib/cu ft; thermal conductivity = 
0.10 Btu/(hr)(sq ft)(°F/ft); heat capacity = 0.50 Btu/(Ib)(°F). Consider the ply- 
wood as homogeneous and isotropic. 

6. A heat exchanger with two tube passes has been proposed for cooling distilled 
water from 93 to 85°F. The proposed unit contains 160 copper tubes, each 34 in. OD, 
18 BWG, and 16 ft long. The tubes are laid out on a 154¢-in. triangular pitch, and the 
shell ID is 1514 in. Twenty-five per cent cut segmental baffles spaced 1 ft apart are 
located in the shell. The correction factor Ff, for use in evaluating the outside-tube 
film coefficient can be assumed to be 1.3. Cooling water at 75°F will be used to remove 
the heat, and this fluid will flow through the tubes at a velocity of 6.7 fps. Under 
these conditions, the fouling coefficient is 2000 Btu/(hr)(sq ft)(°F) for the distilled 
water and 1000 Btu/(hr)(sq ft)(°F) for the cooling water. The pressure drop on the 
tube side and on the shell side cannot exceed 10 psi. Would the proposed unit be satis- 
factory for cooling 175,000 |b of distilled water per hour? 

if Determine the installed cost, tube length, and number of tubes for the optimum 
exchanger that will meet the following operating conditions and specifications: a 

(a) Twenty thousand pounds of air per hour is cooled from 150 to 100°F inside 
the tubes of a shell-and-tube exchanger. . 

(b) Water is used as the cooling medium. The water enters the unit at 70°F and 
leaves at 100°F. ; 

(c) All other conditions are the same as those specified in Example 5 of this chapter, 
except that B; is not given. ; 

8. Present a detailed derivation of Eq. (48) in this chapter, using, as a starting 
point, any of the other equations that are given. 
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9. Air, for use in a catalytic oxidation process, is to be heated from 200 to 520°F 
before entering the oxidation chamber. The heating is accomplished by the product 
gases, which cool from 720 to 400°F. A steel one-pass shell-and-tube exchanger 
with crossflow on the shell side will be used. The average absolute pressure on both 
the shell side and tube side can be assumed to be 10 atm, and the hot gases will pass 
through the tubes. The exchanger must handle 15,000 lb of the colder gas per hour, 
and it operates continuously for 8000 hr/year. The properties of the product gases 
can be considered as identical to air. The cost for power delivered to either gas is 
$0.02 per kilowatthour. The OD of the tubes is 1.0 in.; the ID is 0.782 in. The 
tubes will be arranged in line with a square pitch of 1.5 in. All thermal resistances ex- 
cept those of the gas films may be neglected. The safety factor Ff for the outside film 
coefficient is 1.4. The terms B,/np and N,N,/N; can both be assumed to be equal to 
1.0. The cost data presented in Fig. 15-16 apply. Installation costs are 15 per cent 
of the purchased cost, and annual fixed charges including maintenance are 20 per cent 
of the installed cost. Under these conditions, estimate the tube length and purchased 
cost for the optimum exchanger. 


CHAPTER 16 


MASS-TRANSFER EQUIPMENT—DESIGN AND COSTS 


The transfer of mass from one phase to another is involved in the opera- 
tions of distillation, absorption, extraction, humidification, adsorption, 
drying, and crystallization. The principal function of the equipment used 
for these operations is to permit efficient contact between the phases. 
Many special types of equipment have been developed that are particu- 
larly applicable for use with a given operation, but finite-stage contactors 
and continuous contactors are the types most commonly encountered. The 
major part of this chapter, therefore, is devoted to the design aspects of 
stagewise plate contactors and continuous packed contactors. 

The initial cost for the operating equipment includes expenses for founda- 
tions, supports, installation, shell and shell internals, insulation, pumps, 
blowers, piping, heaters, coolers, and other auxiliaries, such as instruments, 
controls, heat exchangers, or special accessory equipment. Operating costs 
include power for circulating the fluids, maintenance, labor, cooling water, 
steam, and unrecovered materials. As illustrated in Chap. 9, a balance 
can be made among these various costs to yield an optimum economic 
design. 

FINITE-STAGE AND DIFFERENTIAL-STAGE CONTACTORS 


Because the equipment for a finite-stage contactor consists of a series of 
interconnected individual units or stages, a study of the over-all assembly 
is best made on the basis of the flow and mass-transfer characteristics in 
each individual stage. Thus, for a bubble-cap contactor, each tray can be 
considered as a separate entity, and the total design requires an analysis 
of the stepwise operation from one tray to another. In a differential-stage 
contactor, such as a packed column, the contacting operation can be con- 
sidered as occurring continuously throughout the unit, since there are no 
locations where the equipment is divided physically into finite sections. 
The over-all analysis for a differential-stage contactor, therefore, can be 
based on a differential length or height. 

Mass transfer between two phases can occur when there is a driving 
force, such as a concentration difference, between the phases. When equi- 
Hirtam conditions are attained, the driving force and, consequently, the 

367 
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net rate of mass transfer becomes zero. <A state of equilibrium, therefore, 
represents a theoretical limit for mass-transfer operations. This theoretical 
limit is used extensively in mass-transfer calculations. 

A theoretical stage is defined as a contacting stage in which equilibrium 
is attained between tbe various phases involved. Thus, in a bubble-cap 
column, a theoretical or perfect plate is one in which the liquid leaving the 
tray is in equilibrium with the gas leaving the tray. The same approach 
is often used for packed columns, where the HETP is defined as the height 
of the packed column necessary to give a separation equivalent to one 
theoretical plate. A more rigorous method for evaluating the performance 
of a continuous contactor requires a differential treatment of the separating 
process and gives results that can be expressed in terms of the mass-transfer 
coefficient or as the number of transfer units. The transfer unit is similar 
to the theoretical plate, but the transfer unit is based on a differential 
change in equilibrium conditions and actual concentrations, and the theo- 
retical plate is based on finite changes. 

The design of most mass-transfer equipment requires evaluation of the 
number of theoretical stages or transfer units. Methods for carrying out 
these calculations for various types of mass-transfer operations are pre- 
sented in many general chemical engineering books. The following list indi- 
cates recommended texts on this subject: 


Badger, W. L., and J. T. Banchero: “Introduction to Chemical Engineer- 
ing,” McGraw-Hill Book Company, Inc., New York, 1955. 

Brown, G. G., et al.: “Unit Operations,” John Wiley & Sons, Inc., New 
York, 1950. 

Coulson, J. M., and J. F. Richardson: ‘Chemical Engineering,”’ vol. Tie 
McGraw-Hill Book Company, Inc., New York, 1956. 

McCabe, W. L., and J. C. Smith: “Unit Operations of Chemical Engineer- 
ing,’’ McGraw-Hill Book Company, Inc., New York, 1956. 

Robinson, C. 8., and E. R. Gilliland: “Elements of Fractional Distilla- 
tion,” 4th ed., McGraw-Hill Book Company, Inc., New York, 1950. 

Sherwood, T. K., and R. L. Pigford: “Absorption and Extraction,” 2d ed., 
McGraw-Hill Book Company, Inc., New York, 1952. 

Treybal, R. E.: “Liquid Extraction,’ McGraw-Hill Book Company, Ine. 
New York, 1951. ; 

Treybal, R. E.: ‘“Mass-transfer Operations,’ McGraw-Hill Book Com- 
pany, Inc., New York, 1955. 


Because methods for determining theoretical stages and transfer units 
are covered extensively in the preceding references, the details will not be 
repeated here. Other important decisions, however, must be made in the 
design of mass-transfer equipment, and an error in these decisions can be 
Just as detrimental as an error in evaluating the number of theoretical 
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stages. The following sections deal with design factors for finite-stage and 
differential-stage contactors as related to the direct operational character- 
istics of the equipment. 


FINITE-STAGE CONTACTORS 


The most common type of finite-stage contactor is the bubble-cap plate 
unit, although sieve plates, turbogrid trays, cascade towers, and other 
specialty types of units are also used in industrial operations. Many of 
the principles that apply to bubble-cap units are also applicable to the 
other types of finite-stage contactors. For this reason, the bubble-cap 
plate unit will be discussed first. 


Bubble-cap Towers 


A bubble-cap tower, as illustrated in Fig. 16-1, consists of a series of 
trays, each equipped with a number of individual bubble-cap assemblies. 
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Fic. 16-1. Cross-sectional view of bubble-cap tray tower in operation. 
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These units are commonly employed for achieving mass transfer between 
a gas phase and a liquid phase and are used extensively in both rectifica- 
tion and absorption operations. The gas passes upward through the risers 
into the bubble caps, where the liquid level is depressed, permitting the gas 
to bubble through the slots or notches in the cap into the liquid. As the 
bubbles are dispersed into and rise through the liquid on the tray, a large 
amount of interfacial area exists between the gas and liquid phases, thereby 
permitting effective mass transfer. Liquid flows downward from tray to 
tray through downspouts, and the necessary gas-liquid contact is made as 
the liquid passes across each tray. 

Caps and Risers. Figures 16-2 to 16-4 illustrate typical examples of 
bubble caps and risers. Round bell caps are commonly used with diameters 
ranging from 4 to 7 in. A 6-in.-diameter cap with a 4-in.-diameter riser is 
a standard size used in many industrial operations. Cap diameters as 
large as 8 in. have been employed successfully in some operations, and 
3-in. caps with 2-in. risers are used in many vacuum towers. Tunnel caps 
are ordinarily 3 to 6 in. wide and 12 or more in. long. Comparison of the 
two types shows that tunnel caps have the advantage of a smaller number 
of units for installation for a given slot and riser area, but the round caps 
are more adaptable to changes in tray layout and can be purchased and 
stocked in one standard size. 





OA. 
S GASB a.s. 


Fig. 16-2. Bubble caps aad risers. sine At aaa Conan 





The caps are slotted around the lower periphery and can be anchored 
to the plate with teeth touching the plate or suspended to permit a so-called 
‘skirt clearance” between the plate and the cap. Slots can be of a saw- 
tooth type or in the form of punched holes, usually rectangular or triangu- 
lar. In common practice, a skirt elenranees? in the range of 0.5 to 1.5 in. is 
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Fic. 16-4. Tunnel cap. 
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recommended to prevent plugging of the slots by residue build-up. Since 
the purpose of the slots is to disperse the gas into the liquid in the form 
of small bubbles, sufficient slot area should be provided in order that no 
gas may pass through the skirt clearance. 

As illustrated in Fig. 16-3, the caps can be held in place by bolts or by a 
hold-down bar; however, the hold-down bar is seldom used because it inter- 
feres with the flow distribution. Since periodic removal or maintenance of 
the caps may be necessary, the preferred method for holding caps and trays 
in place permits removal of the caps by one man working in the crawl 
space above the plate. 

Slot Velocities and Relative Dimensions. After the design of the cap has 
been established, the next step is to determine the number of bubble caps 
to be used per tray. This number is set by the allowable gas velocity 
through the slots. If the velocity is too high, pressure drop may be exces- 
sive and the liquid may be blown away from the cap, thus resulting in 
poor efficiency. On the other hand, if the velocity is too low, the gas 
bubbles will have little opportunity to disperse through the liquid, and the 
efficiency of the tray will be low. Davies has recommended the following 
equations for use in preliminary estimates of slot velocities in rectification 
columns: * 


12 
Maximum linear slot velocity, fps = —\~ (1) 
PG © 
ae , 3.4 
Minimum linear slot velocity, fps = —,= (2) 
PG 


where pg = gas density, lb/cu ft. 

In common design practice, the riser area, total slot area, and passage 
area in the annular space under the cap are approximately equal in order 
to reduce pressure losses caused by expansion and contraction. Gas bub- 
bles issuing from the slots are seldom projected more than about 1 in. from 
the cap, and a clearance between caps in the range of 1 to 3 in. is usually 
sufficient to eliminate large amounts of undesirable bubble coalescence. 
The caps should be spaced evenly over the entire tray. A clearance be- 
tween the shell and adjacent caps of less than 2 in. is recommended in 
order to reduce the possibility of liquid bypassing the bubble-contact 
regions. For towers 3 or more feet in diameter, a plate layout with the 
total riser area in the range of 10 to 20 per cent of the tower cross-sectional 
area is common, with the greater riser area being more easily obtainable 
in larger-diameter towers. 

Shell and Trays. Cylindrical shells are commonly used for bubble-cap 
columns. The shell may be constructed of short sections that are bolted 
together or in the form of one long cylinder. Manholes should be provided 


* J. A. Davies, Petroleum Refiner, 29(9):121 (1950). 
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to give access to the individual trays for cleaning, maintenance, and instal- 
lation. Adequate foundations and tower supports must be provided. In 
general, the size of the foundations is set by the size necessary to resist the 
overturning stresses on the column, since this load usually exceeds the 
direct load caused by the weight of the column assembly. 

Both the corrosion characteristics of the fluids involved and costs dictate 
the acceptable materials of construction for the shell and trays. Bubble 
caps and trays are usually made of a suitable metal to facilitate fabrication, 
but the shell material can be glass, plastic, impervious carbon, wood, glass- 
lined or resin-lined steel, or metal. Despite the additional weight involved, 
trays are often made of cast iron, usually 0.5 in. thick. With cast-iron 
trays, the risers may be fabricated as a permanent part of the tray. 
Lighter-gauge alloy metals may be cheaper than cast iron, and the final 
decision must be made on the basis of the situation for each individual case. 

Supporting beams are used to stiffen the trays, and the trays must be 
fastened securely to prevent movement caused by gas surges. To allow 
for thermal expansion and to facilitate installation, slotted boltholes should 
be provided in the supporting rings, and there should be adequate clearance 
between the tray and shell wall. 

Tray Level. The calculations for bubble-cap trays are based on the 
assumption that the trays are perfectly level. A tolerance of +1!¢ in. 
change in vertical tray level is usually specified for the location of tray 
supports and fastening of the trays to these supports. Variations from 
the horizontal level are also caused by foundation settling, tray deflections 
caused by operating conditions, tower deflection due to wind loads, and 
uneven corrosion of the tray or tray supports. For design purposes, a 
maximum change in tray level of 1% in. is a safe assumption, and this figure 
can be used as a safety factor in setting the seal dimensions of the tray. 

Leakage and Weep Holes. To ensure a minimum of liquid leakage from 
one tray to another, the risers should be fitted firmly or sealed into the 
trays, and an effective seal is necessary around the tray supports. In large 
columns, the trays are often made in sections for ease of installation. Each 
of these sections must be installed carefully to minimize leakage. 

Provision for draining the liquid from a tray when the unit is not in 
operation is made by the use of weep holes. These holes are usually located 
near the overflow weir so that any delivery during operation follows ap- 
proximately the same path as the overflow fluid. The weep holes must be 
large enough to prevent plugging, but they should not deliver an excessive 
amount of fluid during operation. A size in the range of 14- to %-in. 
diameter is usually adequate. . 

Liquid Flow. High tray efficiency is achieved when all the bubble caps 
delivering uniformly into liquid that is evenly distributed over the en- 
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Fia. 16-5. Liquid flow patterns for different types of bubble-cap trays. 
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are obtained if liquid crossflow is used, where the liquid enters on one side 
of the tray and makes one pass across the tray. For tower diameters 
larger than 4 ft, better liquid distribution and less change in liquid head 
can often be achieved by using split flow, radial flow, or cascade flow, as 
illustrated in Fig. 16-5. 

Because of the flow resistance of the caps and risers, there is a decrease 
in liquid depth as the liquid passes across the tray. Figure 16-6 shows an 
extreme example in which this liquid gradient is so great that only one out 
of the four bubble caps is operating normally. In general, the dimensionless 
ratio of total liquid gradient to pressure-drop head caused by the bubble- 
cap assembly should be less than 0.4 in order to ensure adequate vapor 
distribution, and, for single-pass crossflow trays, the rate of liquid flow 
across the tray should be less than 0.22 cu ft/(sec) (ft diameter). 
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Fic. 16-6. Cross-sectional view of bubble-cap tower showing effect of excessive liquid 
gradient. 


A total liquid gradient of 0.5 in. over one tray is usually acceptable, but 
a different flow pattern should be considered if the value approaches 1 in. 
The liquid gradient can be reduced by decreasing the number of rows of 
caps through which the liquid flows or by decreasing the velocity of liquid 
flow past the caps. A higher skirt clearance or a higher weir will some- 
times be sufficient to reduce excessive liquid gradients to acceptable values. 

Entrainment. As a gas passes through the bubble-cap slots into the 
liquid, a large amount of turbulence is set up, and liquid particles can 
become entrained with the gas. Carry-over of these liquid particles from 
one tray to the tray above is known as entrainment. It is often defined 
as the weight of liquid entrained per unit weight of gas. Liquid can be 
entrained by the gas as a result of violent splashing of the liquid or because 
of extensive foaming or frothing. 
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Entrainment has an adverse effect on the column operation in that it 
reduces the concentration change per tray and, consequently, decreases the 
efficiency. Nonvolatile impurities can be carried up a tower by entrain- 
ment, resulting in off-color or impure overhead products. 

The major factors that determine the amount of entrainment are plate 
spacing, depth of liquid above the bubble-cap slots, and vapor velocity in 
the volume between the plates. Slot vapor velocity and liquid flow rate 
have some effect on the entrainment, but they are not of major importance. 

Tray Spacing. Tray spacing in large columns is usually determined by 
the need for easy access for maintenance and inspection. With columns 
less than 3 ft in diameter, the minimum value of tray spacings is about 6 
in., and greater values are used in most cases. In the petroleum industry, 
an 18-in. spacing is considered to be the minimum value below which en- 
trainment or tendency toward flooding becomes excessive, and a tray spac- 
ing of 20 to 24 in. is often set as a minimum for reasons of accessibility. 
Table 1 presents recommended tray spacings for petroleum rectification 
columns of various diameters. 


TABLE 1. RECOMMENDED TRAY SPACINGS FOR BuBBLE-CAP TOWERS 


Tower diameter, ft Tray spacing, in. 
6 minimum 
4. OF ESS yee an ees Oe ee 18-20 (no manways in trays) 
OL Seton ee ee 24 
L224 ee ee ee 36 


Downcomers and Weirs. Downcomers for conducting the liquid from 
one tray to the next tray below may be in the form of circular pipes or 
segments of the tower isolated from the rising gas by means of vertical or 
angled plates. Some vapor is entrained in the liquid as the liquid enters 
the downcomer, and sufficient residence time should be provided in the 
downcomer to permit escape of the entrained vapor. A residence time of 
5 sec, evaluated as the volume of the downcomer divided by the volu- 
metric flow rate of the downcoming fluid, is enough to permit release of 
most of the entrained vapor. Vapor release is also accomplished by pro- 
viding a calming section before the liquid flows into the downcomer. This 
is supplied by locating the caps 3 to 5 in. from the downcomer weir or by 
blanking off the cap slots that face toward the downcomer. The liquid head 
in the downcomer should not be greater than one-half the plate spacing. 

The discharge end of the downcomer must project far enough into the 
tray liquid so that no gas bubbles can enter the open end and bypass the 
bubble caps. When the liquid contains no sediment, a seal pot or dis- 
charge weir is often placed around the discharge end of the downeomer to 
make certain that no free vapor can enter the open end. The distance 
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between the liquid level on the loaded discharge plate and the bottom of 
the downcomer when no liquid is flowing is known as the downcomer liquid 
seal. A downcomer liquid seal, based on a perfectly level tray, in the range 
of 4 to 1% in. is usually satisfactory. 

An extension of the downcomer plate can be used as an overflow entrance 
weir, or a separate overflow weir may be provided. Since adequate vapor- 
disengaging space is necessary, extension of circular-pipe downcomers to 
form an overflow weir is not recommended if the column diameter is 
greater than 3 ft. Straight rectangular weirs are often used, and, on 
crossflow trays, they generally have a length in the range of 0.6 to 0.8 
times the column diameter. 

The height of the overflow weir is a major factor in determining the head 
of liquid over the bubble-cap slots. Although plate efficiency is increased 
slightly as the liquid head over the slots is increased, the beneficial effect 
is seldom enough to counterbalance the detrimental pressure-drop effects 
caused by high heads. This is particularly true when pressure drop is an 
important factor, as with towers operating under vacuum. The distance 
between the top of the slots and the liquid surface when the static liquid 
is just ready to flow over the overflow weir is known as the static sub- 

_mergence. Table 2 shows recommended values of static submergence for 
various operating pressures. * 


TABLE 2. Typical VALUES OF STATIC SUBMERGENCE FOR BUBBLE-CAP PLATE COLUMNS 


Static 
submergence, 

Operating pressure in. 
Wevetbhonaat (GO monbated altar yo) Ae Ges oem yaa 0 
CALA Telit) W)fis.g CORR Reg mn gO Gy BAe ie tare a a Pe 4% 
POORER a Renae ved cot ate ANCe acy 1 
“LMU ei 5 ee hee? 4 Re ea Ra 1% 
EM IRIE Onde Gene als Oats Ne nie ack eee rates 14% 


Example 1. Determination of Holdup Time in Downcomer. A bubble-cap tower 
with 24-in. plate spacing and liquid crossflow contains straight segmental downcomers. 
The overflow weir at the downcomer entrance is formed by an extension of the down- 
comer plate. The height of this weir is 3 in. The inside diameter D of the tower is 
5 ft, and the weir length is 0.6D. If liquid with a density of 55 lb/cu ft flows across 
the plate at a rate of 30,000 lb/hr, estimate the residence or holdup time in the down- 
comer from this plate. 


Solution 
Volumetric flow rate of downcoming fluid = 30,000/(55)(3600) = 0.152 cfs 
Weir length = 1, = (0.6)(5) = 3 ft rt Ler 
Perpendicular distance from weir to center of tower = dye = [(D/2)° — (le/2)°]7 = 
[(54)? — (3)"]* = 2 ft 


* J. A. Davies, Petroleum Refiner, 29(9):121 (1950). 
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If 6 designates the angle in degrees subtended from the center of the tower by the 
weir, 


l Dsi : 
we sin 5 
0 
in-— = 0.6 
aa is 
6 = 73.7° 


Downcomer cross-sectional area is 


D6 wwe (3-14)(5)2(73.7) — (3)(2) 
1440 oe al 1440 2 





Alternatively, downcomer cross-sectional area is 


xD? (bine Dp weeny: Doane 
=r n 
8 2 4 D 





) = 1.02 sq ft 
radians 


24+3 





Effective height of downcomer = a= 2:25 ft 


Resid tj volume of downcomer 
0e00e DNS ee ee 
volumetric flow rate of downcoming fluid 


__ (2.25)(1.02) 


sO IseG 
0.152 


Nore: The preceding answer is based on the assumption that the descending liquid 
occupies all the available volume in the downcomer. 


Plate Stability. The term plate stability refers to the ability of the 
plate to maintain satisfactory operating characteristics when flow rates 
change or when unsteady-state conditions exist. Vapor and liquid dis- 
tribution on the plate are the primary factors that determine plate sta- 
bility. A stable plate is one in which all the caps are bubbling, and the 
best efficiencies are obtained when the vapor flow is evenly distributed 
among the caps. Thus, an ideal plate would have all the caps discharging 
uniformly, even when fluctuations in flow rates occur. In an actual col- 
umn, the vapor is not distributed uniformly among the caps primarily be- 
cause of the gradient in liquid height across the tray. 

The following rules can be used as a guide for designing a tray to give 
stable operation and reasonably even vapor distribution: 

1. The pressure drop caused by the caps and slots and the static sub- 
mergence should be as high as practicable for reasonable operation. 

2. The liquid gradient across the tray should be about 0.5 in. and no 
more than | in. 

3. The dimensionless ratio of liquid gradient to pressure-drop head 
caused by the bubble-cap assemblies should be less than 0.4. 

4. Tendency toward stable operation is increased by increasing the skirt 
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clearance of the caps, lowering the rate of liquid flow per foot of plate 
width, or increasing the spacing between caps. 

Pressure Drop. As the gas passes through a bubble-cap plate, the 
pressure of the gas decreases because of the following causes: 

1. Pressure drop through cap assembly 

a. Contraction as the gas enters the riser 

b. Friction in the riser and annular space of cap 
c. Friction due to change in direction of gas flow 
d. Passage of the gas through the slots 

2. Pressure drop due to liquid head above slots 

Because the pressure is uniform throughout the gas space above or be- 
low a tray, the gas pressure drop across a given tray must be the same no 
matter what location on the tray is considered. A design estimate of the 
pressure drop, therefore, can be obtained on the basis of an average bubble- 
cap assembly. Because of the liquid gradient, the volumetric flow rate of 
gas through the individual caps varies from the liquid-inlet to the liquid- 
outlet location on the tray. For a stable plate, an average bubble-cap 
assembly for use in pressure-drop calculations is one located at the point 
of average liquid gradient. The flow rate of gas through this cap can then 
be assumed to be the flow rate per cap, assuming each cap on the tray 
delivers the same amount of gas. 

Pressure Drop through Cap Assembly. <A cross-sectional view of an aver- 
age bubble cap is shown in Fig. 16-7. Causes for pressure drop through the 
riser and cap are shown in this figure as (1) contraction, (2) friction in 
riser, (3) reversal of flow direction, and (4) friction in annular space. The 
total pressure drop due to the preceding causes is primarily a function of 
the kinetic head. The pressure drop as feet of liquid equivalent to one 

inetic head is 
kineti V2 pg 


29 pL 


hy = 





(3) 


where V, = maximum linear velocity of gas in riser, reversal area, or 
annulus, fps 
pq = gas density, lb/cu ft 
pt = density of clear (unaerated) liquid, Ib/cu ft 
g = local acceleration due to gravity, ft/ (sec) (sec) . 

The total pressure drop through the riser and cap is usually in the range 
of four to eight kinetic heads, depending on the cap design. A factor of 
six kinetic heads is a reasonable average figure. With this factor, the pres- 
sure drop due to gas flow through the riser and cap expressed as liquid 
head is 3V2 0 


9 PL 


_ (4) 
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Pressure drop through the slots is a direct function of the vertical dis- 
tance the liquid is depressed below the top of the slots. In Fig. 16-7, this 
distance is represented by hgiot. The difference in pressure between the 
inside of the cap and the liquid outside the cap at the top of the slots is 
defined as the pressure drop through the slots. Consequently, Astot 18 the 
liquid head equivalent to the pressure drop through the slots. 


P; 





Liquid surface 





c 


hg = head equivalent to liquid pressure drop 
through downcomer and constriction 
h, = head equivalent to gas pressure drop 
through riser and cap 
Asiop = Head equivalent to gas pressure drop 
through slots 


hy = Fy -Pp = he +hejor + Sm + hg +hg/2 = Po- Ps 
H =hy + Mgthgt+hg +hr 


Fic. 16-7. Cross-sectional view of bubble-cap tower showing flow and nomenclature 
for pressure-drop calculations. (Units of all symbols are feet of liquid.) 


At low gas velocities, intermittent bubbling through the slots is obtained 
because of liquid surface-tension effects, and the pressure drop is a function 
of the surface tension and the slot dimensions. When the velocity increases 
sufficiently, the gas issues from the slots in a steady stream, and the effect 
of surface tension becomes unimportant. 

Under normal operating conditions, the slots remain partly open continu- 
ously and the gas is delivered in a steady stream. For this situation, the 
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following equations, developed by Cross and Ryder,* can be used to esti- 


mate the average slot opening and the Bree drop through the slots: t 
For rectangular-shaped slots 





Q. PG se 
une 5 (= i | (5) 
b (oL — pag 
For triangular-shaped slots 
cQ). % og % 
ho = 185(2)" [2] 6 
b (or — pa)g 
where Q, = volumetric flow rate of gas per slot, efs 
b = width of slot at base, ft 
c = height of slot, ft 


Equations (5) and (6) apply when /gjot is less than c, and a design value 
for hgjot Of 0.5c is often recommended. 

Pressure Drop Due to Liquid Head above Slots. Reference to Fig. 16-7 
shows that the total head above the slots for an average cap is the sum of 
static submergence S,,, height of liquid crest above weir h,, and average 


*C. A. Cross and H. Ryder, J. Appl. Chem., 2:51 (1952). Results identical to Eqs. 
(5) and (6), except for a slight change in the constants, have been presented by M. C. 
Rogers and E. W. Thiele, Ind. Eng. Chem., 26:524 (1934). 

+ According to Cross and Ryder, the surface tension and density of the liquid and 
the cap geometry determine the value of hAsiot if Qs is less than a critical value. For 
rectangular-shaped slots, the following dimensional equation applies for /siot when Qs 
is less than (as/Bs)”*: 


Aslot —="Qs 


M6 
Pieri 6.0.o0 10-8 + | 4.7 x 10-* (= -) +14 x 10-4 | 
ber PL 


5G)" Load 
ria (eo. — og)q- 


For triangular-shaped slots, the following dimensional equation applies for Asiotp when 
Qs is less than (as /Bs)"*: 





Bs 


hsiot = ay 
; a (2c "2 
where a, = 0.0116 |= (= + 1) | 
pt \b 


% a M% 
BG) il era | 
aN (pt — pag 


o« = surface tension of liquid, dynes/em 





Bs 


Units of Asiot, ¢, and 6 are feet. Units of pg and py are pounds per cubic foot. 
Units of Q, are cubic feet per second. Units of g are ft/(sec)(sec). 
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liquid gradient 0.5h,. The static submergence is determined directly by 
the construction details of the plate, and design methods are available for 
estimating the liquid crest ‘over the weir and the liquid gradient. 

The head of liquid over the weir, based on a straight segmental down- 
comer, can be estimated by the following modification of the Francis weir 


formula: : 
1.7Q1\% 
el =) (7) 
lwWVg 


where Q; = volumetric flow rate of liquid, cfs, and /,, = weir length, ft. 
Various investigators have proposed corrections for Eq. (7) to account 
for the curved sides of the tower and the approach velocity.* — In gen- 
eral, however, Eq. (7) gives adequate accuracy for design estimates of hp. 
The liquid gradient across the tray (h,) can be approximated by use of 
the following equation developed by Davies: tf 
For caps arranged on equilateral-triangle centers and caps covered with 
liquid to a depth not greater than 1 in., 





(ly — 1) 
(heFo)!5(1.5r — 1.4) + (hgFe)°*(8r) ha dig ea | 


0.42Q,7r1-° 
bas he 


where F¢ = a correction factor to account for variations in gas rate and 
gas density; values of F'¢ are given in Fig. 16-8 as a function 
of V+/pg and Q,/Wr 
r = number of rows of caps perpendicular to direction of liquid flow 
s = skirt clearance, ft 
l, = total free space between risers perpendicular to direction of 
liquid flow, average of various rows, ft 
l, = total free space between caps perpendicular to direction of 
liquid flow, average of various rows, ft 
Cp = liquid-gradient factor; value of Cp can be obtained from F ig. 
16-8 
V = superficial linear gas velocity (based on cross-sectional area of 
empty tower), fps 
Wr = average width of tray normal to direction of liquid flow, ft, 
computed as average of total tray width at each row of caps 


*W. C. Edmister, Petroleum Engr., no. 12, p. 193, 1948. 


t J. H. Perry, “Chemical Engineers’ Handbook,” 3d ed., p. 409, McGraw-Hill Book 
Company, Inc., New York, 1950. 


tJ. A. Davies, Petroleum Refiner, 29(9):121 (1950); Ind. Eng. Chem., 89:774 (1947). 
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For caps arranged on square centers and for tunnel caps, replace the 
constants 0.42 and 1.4 in Eq. (8) by 0.37 and 1.0, respectively. 
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Q,/W,, cu ft liquid/(sec) (ft avg. flow width) 





Fie. 16-8. Plot for evaluation of liquid-gradient factor Cp and correction factor Fe 
in Eq. (8). 


All the variables in Eq. (8) except the liquid gradient are fixed by the 
tray design and the operating conditions, and the value of h, can be deter- 
mined by a trial-and-error or graphical procedure. Equation (8) is based 
on the assumption that the liquid level is below the top of the caps. In 
most bubble-cap towers, however, the liquid level is above the caps. 
Equation (8), therefore, is conservative for design estimates, since it tends 
to give high values for /g. 
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Evaluation of Total Pressure Drop per Tray. The total pressure drop of 
the gas across a bubble-cap tray equals the sum of the pressure drop 
through the cap assembly and the pressure drop due to liquid head above 
the slots, or 


hr = leh te hsiot = fer + h +e 0.5h¢ (9) 


where hp = head of liquid equivalent to total pressure drop of gas across 
tray, ft. 

The total head hp can be converted to conventional pressure units by 
the following equation: 
_ Are. g 


Apr = (10) 
ae: 





where Apr = total pressure drop of gas across tray, psi, and g, = con- 
version factor in Newton’s law of motion, 32.17 ft-lb mass/(sec) (sec) (Ib 
force). In most cases, g and g, are considered to be numerically equal. 

Because the liquid on a bubble-cap tray is usually aerated, the clear- 
liquid density is greater than the density of the aerated liquid on the tray. 
Therefore, if py is taken as the clear-liquid density, the values of hr and 
Apr given by Eqs. (9) and (10) may be high, and these values are often 
multiplied by 0.7 to give an approximate correction for the liquid aeration. 

For a typical bubble-cap column, the following pressure drops per tray 
are considered reasonable: 


Total pressure Pressure drop per tray 
UR rte alge s Caste Mabe na, ge oy Oe wee ae fa 3 mm Hg or less 
Watt Sees os cee ae ori 0.07—0.12 psi 
BUO OSE aay ta.k sce eee ce 0.15 psi 


Liquid Head in Downcomer. If the head of liquid in the downcomer is 
greater than the tray spacing plus the weir height, flooding will occur and 
liquid will build up on the trays. In design practice, the height of liquid 
in the downcomer (based on clear-liquid density) should be less than 50 
per cent of the tray spacing. 

Liquid head in the downcomer is composed of five individual heads as 
follows: 

|. Weir height h,,, which is established by the tray design. 

2. Height of crest over weir h,, which can be calculated by Eq. (7). 

3. Liquid gradient hg, which can be calculated by Eq. (8). 

4. Head of liquid equivalent to the frictional flow resistance in the 
downcomer and in the passage of the fluid from the downcomer onto the 
plate. This head is usually relatively small, but it can be estimated as 
three kinetic heads for the liquid, based on the linear liquid velocity at the 
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minimum cross-sectional area for downcoming liquid flow,* or 


Baga) 
d 29 \Ag (11) 


where ha = head of liquid equivalent to liquid pressure drop due to flow 
through downcomer and constriction, ft, and Ag = minimum cross-sec- 
tional area for downcoming liquid flow, sq ft. 

5. Head of liquid which the gas must overcome as the gas passes through 
the next tray above. Assuming the same gas pressure drop over adjacent 
trays, this liquid head is equal to hr. 

‘The total head in the downcomer, H, as shown in Fig. 16-7, is equal to 
the sum of the preceding five heads, or 


H=hyth the that hr (12) 
Combination of Eqs. (12) and (9) gives 
H = 2h, + 1.5hg + hw + ha + Ie + Astot + Sm (13) 


Example 2. Determination of Pressure Drop and Liquid Height in Downcomer for 
Bubble-cap Plate. The following specifications apply to a bubble-cap plate: 


Diameter = 10.0 ft 

Tray spacing = 26 in. 

Liquid crossflow 

Weir length = 6.2 ft 

Weir height = 3.0 in. 

Skirt clearance = 0.5 in. 

Static submergence = 0.5 in. 

Rectangular slots 

Height of slots = 1.5 in. 

Width of slots = 0.3 in. 

Total riser cross-sectional area = 9 sq ft 

Caps are bolted to tray (no hold-down bars) 

Clearance between bottom of downcomer and plate = 2.5 in. 

Number of rows of caps perpendicular to direction of liquid flow = 11 

For an average row of caps perpendicular to direction of liquid flow, total free space 
between risers = 4.4 ft, total free space between caps = 2.7 ft, width of tray = 9 ft 

Cross-sectional areas for vapor flow through riser, direction-reversal space, annular cap 
space, and slots are equal 

Caps are arranged on equilateral-triangle centers staggered perpendicular to direction 
of liquid flow, and liquid depth above caps is less than 1 in. 


This bubble-cap plate is to be used under the following conditions: 


Vapor density = 0.15 lb/cu ft 
Liquid density = 50 Ib/cu ft 
Superficial vapor velocity based on cross-sectional area of empty tower = 1.8 fps 


Liquid flow rate = 1 cfs 
Surface tension of liquid is such that Eq. (5) is applicable 


Estimate the gas pressure drop across the tray and the liquid head in the downcomer. 


* J. J. Cicalese et al., Proc. Am. Petroleum Inst., 26(sec. III):180 (1946). 
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Solution 
Liquid head equivalent to pressure drop through riser and cap (he): 


By Eq. (4), 
y Eq. (4) _ 8V2 pa 


g PL 


he 


wT 
Cross-sectional area of empty tower = (10)? ria 78.5 sq ft 
V. = linear velocity of gas in riser, reversal area, annular cap space, and slots 


= (1.8)(78.5) = 15.7 fips 


_ (8)(15.7)%0.15) 


fee = 0.069 ft 
(32.17)(50) 


Liquid head equivalent to pressure drop through slots (Aslot): 


By Eq. (5), ; i 
Astot = 1.5 (5); (aan 


Q; = volumetric flow rate of gas per slot 


ie (15.7)(1.5)(0.3) 








= 0.049 cfs 
144 
0.3 
= slot width = —~ ft 
b = slot wid 2 
0.049 \ %6 0.15 Ms 
slot = 1. aa | = 0.107 ft 
Malan Se Gonal le — 0.15)(32.17) 


Height of liquid crest over weir (ho): 
By Eq. (7), 
2h, pels: (—) : 
2 lw V9 


Q1 = liquid flow rate = 1.0 efs 





ly = weir length = 6.2 ft 


(1.7)(1.0) 7% 
ho = Fearn = 0.132 ft 
° ~~ L(6.2)(32.17)4 
Liquid gradient (hg): 
By Eq. (8), 
s(l, — 2] _ 0.42Qzr'® 


(hgFc)!8(1.5r — 1.4) + (hgF'o)°(3r) [he By ere a, 
be Cpl. 


r = rows of caps perpendicular to direction of fluid flow = 11 


hw = weir height = 3.0/12 = 0.25 ft 
ho = 0.132 ft 
s = skirt clearance = 0.5/12 = 0.0416 ft 
l, = average total free space between risers perpendicular to direction of 


liquid flow = 4.4 ft 


le = average total free space between bubble caps perpendicular to direction 
of liquid flow = 2.7 ft 
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a 
ll 


superficial linear gas velocity based on empty tower = 1.8 fps 
Wr = average tray width perpendicular to direction of fluid flow = 9 ft 


Q./Wr = 4 = 0.111 cu ft/(sec)(ft) 
Veg = (1.8)(0.15)* = 0.7 (fps)(Ib/cu ft) 
From Fig. 16-8, 
Fo = 1.12 
Cp = 1.2 


(he)**(1.12)1-5(1.5)(11) — 1.4] + (hg) 5(1.12)9-5(3)(11) [0.25 + 0.132 


(0.0416) (4.4 _ = - (0.42)(1.0)(11)!5 


2.7 (1.2)(2.7) 
By trial and error, 


he = 0.088 ft 


Pressure drop across tray based on clear-liquid density (Apr): 
By Eq. (9), liquid head equivalent to the pressure drop across the tray is 


hr — Ne ale Asiot = Sin == ho =f 0.5h¢ 
0. 
Sm = static submergence = is = 0.0416 ft 
hr = 0.069 + 0.107 + 0.0416 + 0.132 + (0.5)(0.088) = 0.3936 ft 


By Eq. (10), 


hrez g  (0.3936)(50)(32.17) 
Pl eta alias dN VEY 
le Pv (144)(32.17) i 


Liquid head in downcomer (#): 
By Eq. (12), 
H =hw tho +h, + ha +hr 


By Eq. (11), head due to liquid flow through downcomer constriction of area Ag is 


3 (02); 


h, = 
4 29 Ag 


Aq = (weir length)(clearance between downcomer and plate) 


2.5 
= (6.2)| — } = 1.29 sq ft 
@2(7) q 


(3) 1.0\?_ 
ha = 32.17 Mod weet 


H = 0.25 + 0.132 + 0.088 + 0.028 + 0.3936 = 0.8916 ft 


Liquid head in downcomer based on clear-liquid density = (0.8916)(12) = 10.7 in. 


Allowable Vapor Velocity. The vapor velocity in a bubble-cap column 
can be limited by the liquid-handling capacity of the downcomers or by 
entrainment in the rising gases. The ability of the downcomers to handle 
the liquid flow can be determined by the methods given in the preceding 
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sections. In most cases, however, downcomer limitations do not set the 
allowable vapor velocity; instead, the common design basis for choosing 
allowable vapor velocities is a function of the amount of gas entrainment. 

A tower must have sufficient cross-sectional area to handle the rising 
gases without excessive carry-over of liquid from one tray to another. By 
assuming that the frictional drag of the vapor on suspended liquid droplets 
should not exceed the average weight of a droplet, Souders and Brown * 
derived the following equation: 


— PG 
Vin = K, ia : (14) T 
PG 


where V,, = maximum allowable superficial vapor velocity (based on cross- 
sectional area of empty tower), fps, and AK, = an empirical constant, fps. 
An alternative form of Eq. (14) in terms of mass velocity follows: 


Ga =F V ineG — KS V eG (PL = pa) (15) 


where G,, = maximum allowable mass velocity of vapor, lb/(sec)(sq ft). 

Equation (14) or (15) can be used as an empirical guide for estimating 
the maximum vapor velocities in plate columns. The constant A, varies 
with plate spacing and depth of liquid above the bubble-cap slots. For 
design purposes, operating pressure and physical properties of the fluids 
are assumed to have no effect on K,, although best results are obtained if 
the constant is based on data obtained with fluids and operating pressures 
similar to those involved in the particular design. 

Carey { has presented approximate values of A, for generally acceptable 
commercial conditions. These values are shown in Fig. 16-9 as a function 
of tray spacing and slot liquid seal, where slot liquid seal is defined as the 
average depth of clear liquid above the top of the bubble-cap slots. 

Although the allowable velocity given by Eq. (14) is conservative for 
many types of operations, such as commercial rectification of petroleum, 
many engineers employ vapor velocities in the range of 65 to 80 per cent 
of V,, to make certain their column will be operable. The allowable veloc- 
ity is used to set the diameter of the column. The additional dimensions 
of the trays are then established, and an investigation of other limiting 
factors, such as downcomer capacity, should be made. Because Eq. (14) 
gives conservative results, the allowable vapor velocity obtained by use of 
the equation is usually applied to the total cross-sectional area of the 


*M. Souders and G. G. Brown, Ind. Eng. Chem., 26:98 (1934). 

t+ As a general rule of thumb, V,», should be near 3 fps for bubble-cap distillation 
towers operating at atmospheric pressure. 

tJ. S. Carey, in J. H. Perry’s “Chemical Engineers’ Handbook,” 3d ed., p. 598, 
MeGraw-Hill Book Company, Ine., New York, 1950. 
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O 6 ue {8 24 30 36 
Troy spacing, in. 


Fic. 16-9. Approximate values of constant A, in Eq. (14) for maximum allowable 
vapor velocities in bubble-cap towers. 


empty tower, with no allowance for the area occupied by ordinary types 
of downcomers. 

In many cases, the vapor rate changes over the length of the tower, and 
the theoretical diameter based on the allowable velocity varies. Occa- 
sionally, two different diameters are used for different sections of one 
tower. Cost considerations, however, usually make it impractical to vary 
the diameter, and the constant diameter should be based on the tower 
location where allowable velocity and throughput rates require the largest 
diameter. 


Example 3. Determination of Bubble-cap Column Diameter on Basis of Allowable 
Vapor Velocity. A bubble-cap distillation tower is to be operated under the following 
conditions: 


a 











At top of tower At bottom of tower 
WMTSOE BALES orcs fete a tes 5 + hc 270 |b mole/hr 300 Ib mole/hr 
Vapor molecular weight... . . 70 110 
T GDETALUTO Ns hace 5658s 220°F 260°F 
IPEGABTTG ie Meee: ee eae rhe 1.0 atm 1.1 atm 
Liquid density............. 44 lb/cu ft 42 |b/cu ft 


ne 
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The tray spacing is 24 in., and the average slot liquid seal is 2in. The perfect-gas law 
can be assumed as applicable to the vapors. If the tower diameter is to remain constant 
over the entire length, estimate the minimum diameter. 


Solution 


From Fig. 16-9, A, = 0.16 
At top of tower, 


_ (70)(492) 


= = 0.141 Ib/cu ft 
(359) (680) 


PG 


pt = 44 lb/cu ft 


44 — 0.141 
= 0.16 4|/——_—-. = 2.82 fps 
1A Teen 0.141 P 


(70)(270) (4) | 
ini i = | = 4.1 ft 
Minimum diameter haiti 
At bottom of tower, 
_ (110)(492)(1.1) 


~ (359)(720)(1.0) 
pit = 42 lb/cu ft 


42 — 0.23 
m = 0.1 4 ea = 2.16 f 
V. 0.16 093 ps 


PG = 0.23 lb/cu ft 


(110)(300) (4) 
(0.23) (a) (2.16)(3600) 





es 
Minimum diameter = | | = 4.9 ft 


The limiting diameter occurs at the bottom of the tower; therefore, the minimum 
diameter based on the maximum allowable vapor velocity = 4.9 ft. 


Plate Efficiencies 


As discussed in the first part of this chapter, the design of mass-transfer 
equipment often requires evaluation of the number of theoretical stages 
necessary to accomplish a desired separation. To complete the design, 
information must be available that shows the relationship between these 
ideal values and the actual performance of the equipment. The transla- 
tion of ideal stages into actual finite stages can be accomplished by the 
use of plate efficiencies. 

Types of Plate Efficiency. ‘Three kinds of plate efficiencies may be 
used for expressing the relationship between the performance of theoretical 
and actual stages. They are (1) over-all column efficiency or over-all 
plate efficiency, (2) Murphree plate efficiency, and (3) point efficiency or 
local efficiency. 

The over-all column efficiency applies to the total number of stages and 
is defined as the number of theoretical stages required to produce a given 
separation divided by the number of stages actually necessary to produce 
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the same separation. The Murphree plate efficiency applies to a single 
plate. It is defined as the ratio of the actual change in average vapor 
composition accomplished by a given plate to the change in average vapor 
composition if the vapors leaving the plate were in equilibrium with the 
liquid leaving the plate. The point efficiency is similar to the Murphree 
plate efficiency, except that the point efficiency applies to a single location 
on a given tray. 

Although the over-all column efficiency has no fundamental mass-transfer 
basis, it is widely used because of its simplicity. The number of actual 
stages required for a given separation is simply equal to the number of 
theoretical stages divided by the over-all column efficiency. The Murphree 
plate efficiency is more fundamental than the over-all value, but it is less 
convenient to use because it must be applied to each individual plate. The 
point efficiency is of considerable theoretical interest but is seldom used in 
design practice because it requires knowledge of the variations in liquid 
composition across the tray and integration of the point efficiencies over 
the entire tray. Point efficiencies are always less than 100 per cent, but 
Murphree plate efficiencies may be greater than 100 per cent and are usu- 
ally greater than point efficiencies on the same tray because of variation 
in liquid composition across the tray. 

Factors Influencing Plate Efficiencies. The major factors that influ- 
ence plate efficiencies are presented and discussed in the following: 

Vapor Velocity. Peavy and Baker * have shown that plate efficiencies 
increase with increase in superficial vapor velocity (based on cross-sectional 
area of the empty tower) when the velocity is low, reach a fairly constant 
value over the range of velocities corresponding to normal acceptable opera- 
tion, and then decrease at higher velocities. Slot velocities appear to have 
no appreciable effect on efficiency if they are kept in the range indicated 
by Eqs. (1) and (2). 

Liquid Depth above Slots. Increase in depth of the liquid above the slots 
tends to increase the efficiency, especially if this liquid depth is less than 
1 in. 

Plate Spacing. Because of entrainment carry-over, the effect of plate 
spacing is related to the superficial vapor velocity. Too small a plate 
spacing can cause a low efficiency if the vapor velocity is greater than the 
allowable value. 

Length of Liquid Path. The length of the liquid path across a tray is an 
important factor in determining the degree of liquid concentration gradient 
across the tray. Thus, if the length of the liquid path is long enough that 
an appreciable liquid concentration gradient is established, the Murphree 
plate efficiency is greater than the point efficiency. In general, as the 
length of the liquid path is increased, the over-all column efficiency in- 
* ©, C. Peavy and E. M. Baker, Ind. Eng. Chem., 29:1056 (1937). 
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ereases.* The effect of liquid-path length is usually negligible if the length 
is less than 5 ft, but increasing the length to 10 to 15 ft may increase the 
over-all column efficiency by 20 to 40 per cent. 

Liquid Resistance to Interphase Mass Transfer. Liquid viscosity, gas 
solubility in absorbers, and relative volatility in rectification columns are 
important factors in determining the liquid resistance to interphase mass 
transfer. Increase in liquid viscosity, decrease in gas solubility for ab- 
sorbers, and increase in relative volatility for rectification columns cause 
an increase in the liquid resistance to interphase mass transfer and a re- 
sultant reduction in plate efficiency. The ratio of the liquid rate to the 
gas rate influences the relative importance of the liquid resistance to inter- 
phase mass transfer. An increase in the ratio of liquid rate to gas rate 
reduces the importance of the liquid resistance and can cause an increase 
in the plate efficiency. t 

Other Factors. Design details of the column, such as slot dimensions, 
plate layout, or the total number of trays can have an effect on the efh- 
ciencies. The exact influence of these factors is best determined by em- 
pirical tests. 

In multicomponent mass-transfer operations, the assumption is usually 
made that the same plate efficiency applies to all components. The over-all 
column efficiency is then considered in terms of the key components, and 
the same efficiency is assumed for the lighter and heavier components. 
This assumption is not necessarily correct because of the different proper- 
ties of the components. More exact results can be obtained by using 
Murphree plate efficiencies and accounting for the difference in efficiencies. 

Correlations for Estimation of Plate Efficiencies. Over-all column effi- 
ciencies are based on performance data, and no exact correlation of the 
results obtained with various mixtures and types of columns can be pre- 
sented. Many generalized correlations have been developed, however, and 
these are useful for making design estimates when no other data are 
available. 

For standard types of bubble-cap columns operated in the range of 
allowable velocities where the over-all column efficiencies are essentially 
constant, O’Connell has correlated efficiency data on the basis of liquid 
viscosity and relative volatility (or gas solubility).t The results for frac- 
tionators and absorbers are presented in Fig. 16-10. This correlation is 
based, primarily, on experimental data obtained with bubble-cap columns 
having a liquid path of less than 5 ft and operated at a reflux ratio near 
the minimum value. Figure 16-10 is adequate for design estimates with 
most types of commercial equipment and mixtures, although efficiencies 

*M. G. Gautreaux and H. BP. O’Connell, Chem. Eng. Progr., 51:233 (1955). 

+ G. C. Williams, E. K. Stigger, and J. H. Nichols, Chem. Eng. Progr., 46:7 (1950). 

tH. E. O’Connell, Trans. AIChE, 42:751 (1946) 
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a - relative volatility of key components 

HUp= molal ave. viscosity of feed, cp 

Lg = molal ave. viscosity of liquid, cp 

My, = average molecular weight of liquid 

fy = liquid density, /b/cu ft 

m = mole fraction of solute in gas in equilibrium 
with liguid/mole fraction of solute in liquid 
at average column temperature and pressure 


avg 


Fra. 16-10. Over-all column efficiencies for bubble-cap tray fractionators and absorbers. 


determined directly from equipment operating near the conditions involved 


in the design are always to be preferred.* 
Chu has extended the correlation shown by Fig. 16-10 to include the 
effects of liquid submergence and the ratio of liquid flow rate to vapor flow 


rate. He presents the following simplified equations for estimating over-all 


column efficiencies: Tt 
For fractionators, 


log BE, = 1.67 — 0.25 log (ur ave%avg) + 0.30 log = 
M 


ue 0.09(S, ae 4 (16) 


* Data on over-all column efficiencies and Murphree plate efficiencies for fraction- 


tion on equipment construction, fluids, and operating 


ators and absorbers, with informa 
andbook,”’ 3d ed., pp. 616, 


conditions, are given in J. H. Perry, “Chemical Engineers’ H 
699, McGraw-Hill Book Company, Inc., New York, 1950. 
+ J. C. Chu et al., J. Appl. Chem., 1:529 (1951). 
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For absorbers, 
MavgM a MA avg 





log E, = 1.60 — 0.38 log 
PA, avg ; 
Lu Cc 
4+. 0.25 log —¥ + 0.00(S, +=) (17) 
Vu 2 





where EZ, = over-all column efficiency, per cent 
S,, = static submergence, ft 


c = slot height, ft 
Ly = molal liquid flow rate, lb mole/hr 


Vw = molal vapor flow rate, lb mole/hr 
MPF ave, fave, Mave, Ma, MA,avg,) PA,avg Ae as defined in Fig. 16-10 


Equations (16) and (17) are based on the relationships shown by Fig. 
16-10 plus additional experimental results on the effects of liquid submer- 
gence and the ratio Ly/Vy. Use of these equations should be limited to 
conditions in which the ratio Lj,/V x is in the range of 0.4 to 8 and the 
static submergence plus one-half the slot height is less than 1.5 in. 

A simplified empirical equation for bubble-cap columns operating on 
petroleum and similar hydrocarbons has been presented by Drickamer 
and Bradford.* ‘Their results are based on plant tests with 54 refinery 
columns used for distillation or absorption of hydrocarbons. The columns 
were of the standard bubble-cap or perforated-plate type operated under 
typical refinery conditions. The results were correlated on the basis of the 
single variable, liquid viscosity, to give 


E, = 17 — 61.1 log ur.ave (18) 


Use of Eq. (18) should be limited to commercial towers for which no 
other data are available. It gives adequate results for the fractionation of 
petroleum and similar hydrocarbons, but it is not recommended if the 
relative volatility of the key components is greater than 4.0 or if the value 
of up ,avg IS Outside the range of 0.07 to 1.4 centipoises. 


Example 4. Estimation of Over-all Column Efficiency. A continuous fractionation 
unit has been designed to operate on a liquid feed containing components A, B, C, and D. 
Calculations have shown that 20 theoretical stages are necessary in the column, not 
including the reboiler. On the basis of the following data, estimate the over-all column 
efficiency and the number of actual trays needed in the column by (a) F ig. 16-10, (b) 
Kq. (16), and (ce) Eq. (18): 


*H. G. Drickamer and J. R. Bradford, Trans. AIChE, 39:319 (1943); Petroleum 
Refiner, 22(10):105 (1943). 
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Mole fraction in Viscosity 
Com- of liquid 
ponent at 260°F, 


Feed | Overhead | Bottoms | centipoises 





A 0.10 0.25 0.040 
B 0.30 0.70 0.03 0.110 
C 0.40 0.05 0.64 0.138 
D 0.20 les 0.33 0.175 


Materials B and C are considered as the key components. 

Relative volatility of the key components is independent of concentration and equals 
1.94 at 260°F and the average column pressure. Feed temperature = 85°F. Overhead 
temperature = 240°F. Bottoms temperature = 280°F. 

The fractionating unit is a bubble-cap tray column with a standard type of tray 
design. The vapor velocity through the tower is about 90 per cent of the maximum 
allowable value. 

Tower diameter = 4.8 ft. Height of bubble-cap slots = 1.5 in. Static submergence 
=0.5 in. The ratio La,;/V 4, is 0.7 in the rectifying section of the column and 1.2 in 
the stripping section. 


Solution 


Average column temperature = (280 + 240)/2 = 260°F. 

Molal average viscosity of feed at average column temperature = yr,avg = (0.040) 
(0.10) + (0.110)(0.30) + (0.138)(0.40) + (0.175)(0.20) = 0.127 centipoise. 

At the average column temperature, relative volatility based on overhead concentra- 
tion equals the relative volatility based on the bottoms concentration; therefore, average 
relative volatility of key components at average column temperature = a@ayg = 1.94. 

Since Ly,;/V xr is different in the rectifying and stripping sections, an average value 
must be used, or else a separate efficiency for each section can be obtained. In this 
case an arithmetic-average value is adequate: 


Lip _ 0.7 +12 _ 9 96 
ae 2 


Height of bubble-cap slots = ¢ = 1.5/12 = 0.125 ft. c/2 = 0.0625 ft. 
Static submergence = S, = 0.5/12 = 0.0416 ft. 
(a) Efficiency and total number of trays by Fig. 16-10: 


(cave)(HF,avg) = (1.94)(0.127) = 0.246 


From Fig. 16-10, 
Eo = 70% 


2 
Number of actual trays needed in column = 07 = 29 
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(b) Efficiency and total number of trays by Eq. (16): 
log E, = 1.67 — 0.25 log 0.246 + 0.3 log 0.95 + ().09(0.0416 + 0.0625) 
E, = 66% 
Number of actual trays needed in column = oa = 31 
(c) Efficiency and total number of trays by Eq. (18): 
E, = 17 — 61.1 log 0.127 = 72% 


Number of actual trays needed in column = 072 = 28 


Modified Bubble-cap Towers 


Uniflux Trays. Many modifications of conventional bubble-cap towers 
have been developed in an effort to reduce costs, reduce pressure drop, 
equalize vapor flow through the caps, increase plate efficiencies, or, in gen- 
eral, improve the operating performance of the tower. Socony-Vacuum’s 
Uniflux tray is a typical example.* The Uniflux tray consists of a series 
of interlocking S-shaped sections which are assembled in the form of tunnel 
caps with slot outlets on one side only. Segmental downcomers, similar to 
the downcomers in conventional bubble-cap columns, are provided. 

The vapors issue from the Uniflux caps in only one direction, and in such 
a manner as to reduce the liquid gradient across the tray. This tends to 
equalize the slot submergence and give equal vapor distribution among the 
caps. The total slot area per tray is usually in the range of 12 to 14 per 
cent of the total cross-sectional area of the tower, and the riser area may 
be two to four times greater than that used in conventional bubble-cap 
towers. 

The simplified construction of the Uniflux tray results in costs that are 
30 to 50 per cent cheaper than costs for equivalent bubble-cap trays of 
conventional design. The combination of equal slot submergence, low en- 
trainment due to directing the vapors horizontally into the liquid, and low 
pressure drop in the risers and vapor-reversal sections gives the Uniflux 
tray large capacities and high plate efficiencies. 

Flexitrays and Float-valve Trays. Equalized distribution of vapors 
through the bubble caps can be achieved by throttling the flow through the 
caps. In the Flexitray,{ a liftable disk-type valve is provided with each 
cap. As the vapor rate increases, the valve is lifted to give a larger open- 
ing until, at about 60 per cent of capacity, the disk-type valve is com- 
pletely open. The vapors are directed horizontally into the liquid in order 
to achieve high plate efficiencies. Because of the variation in available 

*V.O. Bowles, Chem. Eng., 61(5):174 (1954). 

t G. C. Thrift, Chem. Eng., 61(5):177 (1954). 
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vapor-delivery area with vapor rate, the Flexitray shows good operating 
characteristics over a wide range of capacities. Float-valve trays * operate 
on the same principle as the Flexitray, except that a floating pivotal valve 
is used in each cap instead of a liftable disk-type valve. 


Sieve-tray (or Perforated-plate) Towers }{ 


A sieve tray consists of a flat plate perforated with many small holes. 
Liquid flows across the plate and passes over a weir into a downcomer, as 
in a bubble-cap column. The upward flow of the vapor keeps the liquid 
from flowing through the holes, and the operation of the tray is basically 
the same as that of a bubble-cap tray. When the sieve tray is properly 
designed, it is stable over a wide range of flow rates. Comparison of sieve 
trays with conventional bubble-cap trays at equivalent operating condi- 
tions shows that the plate efficiencies are about the same, pressure drop 
with sieve trays is less, and sieve trays are cheaper. 

Holes in the sieve trays may be drilled or punched, and hole sizes of 1g 
or 34¢ in. on 3¢- or %¢-in. triangular pitch have been found to give satis- 
factory results. A total hole area in the range of 6 to 15 per cent of the 
tower cross-sectional area is conventional. The gas pressure drop across 
the tray equals the pressure drop due to passage of vapor through the 
holes plus the pressure drop due to the head of liquid on the tray. 


Turbogrid Trays § 


Turbogrid trays are similar to sieve trays, except that no downcomers 
are necessary and slots are used instead of circular holes. A typical Turbo- 
grid tray consists of a flat grid of parallel slots. The liquid flows from tray 
to tray through the same slot openings used by the rising vapors. The 
slots can be stamped perforations in a flat metal sheet or the open spaces 
between parallel bars. 

The simple design of Turbogrid trays causes them to be cheaper than 
conventional bubble-cap trays. Experimental tests have shown that, at 
equivalent operating conditions, Turbogrid trays have 20 to 100 per cent 
greater capacity than bubble-cap trays, approximately the same height per 
theoretical stage, and 40 to 80 per cent lower pressure drop. Because both 
the liquid and vapor pass through the slots, the operating range where 
stable conditions exist is smaller with Turbogrid trays than with bubble- 
cap or sieve trays. 

*1. B. Nutter, Chem. Eng., 61(5):176 (1954). 

+ F. D. Mayfield et al., Ind. Eng. Chem., 44:2238 (1952). 


t D. C. Lee, Jr., Chem. Eng., 61(5):179 (1954). 
§ Shell Development Co. Eng. Staff, Chem. Eng. Progr., 50:57 (1954); Petroleum Re- 


finer, 31(11):105 (1952). 
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CONTINUOUS CONTACTORS—PACKED TOWERS 


Ag illustrated in Fig. 16-11, the common type of packed tower consists 
of a cylindrical shell containing an inert packing material. These towers 


Gas our 


t 











Liquid in —, 


eee, 
Nerererere! 






Shel/ 







$5259 


>, 


<> 
6% 
<> 
<> 
<x> 
> 
ss 
<> 
<> 
50 
x> 
eee 
Kx Kx 
xO <> 
OOOO 
_ 


$e 
es 
"es 
es 
res 
ves 
es 
‘es 
ves 
"es 
< 
S 
SS 
5 
ex 
% 
ves 
oe 
eceets 


* 
o 
for 
eS 
€ 
& 
eS 
< 
Ks 
oe 
es 
& 


Liquid Se eee 
redistrib- 
utor 


oe 
ae, 
$5 


8 
oes 
rates 
retaratatatas 
retatatates 
secececeee. 
ve 
re 
oe 
vas 
ates 
re 


OK 
entees 
SKS 
enecectntctees 
8 
5 
% 
res 





. 








S555 
“es 
R52 
2. 
rotates 
es 

ves 
> 

& 
> 


> 
aon 
eee 
552 
one 
one, 
ones 
one 
‘es 
ves 
x 
res 
<5 
ves 
"es 
“ 
es 
55 


OO 
ieeneets 


at, 


85, 
5 










v4 






252 

es 
25 

ves 

ves 

SRS 

ves 

SKS 
“ 

x 
<5 

ves 

"es 

<> 

ves 


oO 
oO 
os 
SS 
“6 

oO 
©, 

es 


eee 
ves 
$6 
Yes 
ves 
<5 
ves 
< 
‘es 
"es 
<x) 
SxS 
rates 
SRS 
“ores 
ves 
fe 
rere: 


Se 
<> 

SAK0 
"es 


?, 
eR 
o, 


res 

S505 

32505 
2.9.2, 





re% 





?, 


vates 
oe 
res 
535 
<S 
ves 
‘es 
es 


So 
<9 
SSS 
ves 
= OSC 
ves 
ves 


CLS 


NCR ae) S23 = ee 


Fie, 16-11. Cross-sectional view of 


packed tower in operation. 


usually operate with countercurrent 
fluid flow. For the case in which 
liquid and vapor phases are in- 
volved, the liquid descends through 
the column in the form of films dis- 
tributed over the packing surface, 
and the vapors rise through the 
spaces between the packing parti- 
cles. Consequently, a large amount 
of vapor-liquid contact area becomes 
available, thus resulting in efficient 
mass-transfer operations. 

The design of a packed tower re- 
quires consideration of mechanical 
factors, such as pressure drop, foun- 
dation load, and flow capacities. In 
addition, consideration must be 
given to the factors that influence 
the effectiveness of contact between 
the fluid phases. A_ satisfactory 
packing should have the following 
properties: 

1. Low pressure drop. Since the 
pressure drop through the packing 
is a direct function of the fluid ve- 
locities, a large free cross-sectional 
area should be available between 
the packing particles in order to 
give a low pressure drop. 


2. High capacity. The packing should permit high fluid rates without 
excessive pressure drop or build-up of liquid in the tower. Because flood- 
ing or carry-over of liquid out of the tower can occur above certain limiting 
fluid velocities, a large free cross-sectional area is desirable for high capaci- 


ties. 


3. Low weight and low liquid holdup. The total weight of the column 
and the resultant foundation load is low if the weight of the packing and 
the liquid holdup in the tower are low. The amount of liquid holdup, how- 
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ever, must be sufficiently great to retain an effective driving force for mass 
transfer. 

4. Large active surface area per unit volume. To give high efficiencies, 
the packing must provide a large amount of contact area between the two 
fluid phases. This can be accomplished by using irregularly shaped pack- 
ings that permit extensive distribution of liquid over surface area which 
‘an be contacted directly by the second fluid. 

5. Large free volume per unit total volume. This property is particularly 
important if time must be available for a gas-phase chemical reaction, such 
as the oxidation of nitric oxide in the aqueous absorption of nitrogen 
dioxide. 

6. Miscellaneous. High durability. High corrosion resistance. Low side 
thrust on tower walls. Low cost. 


Types of Packing 


Although many different types of packing are available for obtaining 
efficient contact between two fluid phases, the types can generally be 
classified as random or stacked. A random packing is one that is merely 
dumped into a containing shell, and the individual pieces are not arranged 





Fig. 16-12. Single pieces of typical random packings. (A) Raschig ring. (Maurice A. 
Knight Company.) (B) Berl saddle. (Maurice A. Knight Company.) (C) € annon pro- 
truded packing (Scientific Development Company.) (D) Fenske helices. (Courtesy of 
a 3: Te,, Fenske.) 
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in any particular pattern. Raschig rings and Berl saddles are the most 
common of the random packings used in industrial operations. 

Raschig rings, as illustrated in Fig. 16-12, are simply hollow cylinders 
with the outside diameter equal to the height. They are usually made of 
inert materials that are cheap and light, such as porcelain, chemical stone- 
ware, or carbon. Other materials of construction, such as clay, plastic, 
steel, and metal alloys, are also used. Raschig rings are available in sizes 
ranging from 14 to 3 in. or more. Because breakage of fragile packing 
may occur when the pieces are dropped into an open shell, the initial pack- 
ing charge is sometimes made by filling the empty tower with water and 
then dumping the packing slowly into the water. 

Additional active surface area can be provided by adding a single web 
or a cross web on the inside of a Raschig ring. When a single web is 
present, the packing is known as Lessing rings, and, with a cross web, the 
packing is known as cross-partition rings. Cross-partition rings are availa- 
ble in sizes ranging from 3 to 6 in., and they are almost always used as a 
stacked packing. 

Saddle-shaped packings, such as Berl saddles and Intalox saddles, are 
available in sizes from 14 to 2in. These packings are formed from chemical 
stoneware or from any other material that can be shaped by punch dies. 
They form an interlocking structure which gives less side thrust and more 
active surface area per unit volume than Raschig rings. 

Many types of highly efficient packings have been developed for use in 
small-diameter columns. Two examples, Cannon protruded packing and 
Fenske helices, are shown in Fig. 16-12. 

Stacked packings, in general, give lower pressure drops for equivalent 
fluid capacities than random packings. However, this advantage is gained 
at the expense of higher initial costs due to the extra installation labor. 
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Fic. 16-13. Stacked grid packings. 


Raschig rings and Lessing rings of nominal sizes 3 in. or larger are often 
used as a stacked packing. Other examples of stacked packings are shown 
in Fig. 16-13. A list of the important physical characteristics for common 
packings used in industrial operations is presented in Table 3. 
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TABLE 3. PuysicAL CHARACTERISTICS OF COMMERCIAL TOWER PACKINGS 


For use when direct experimental data are not available 











Nominal 
Packing size, 
in. 
Random packings: 
Stoneware \y 
Raschig rings f 36 
% 
34 
1 
1% 
2 
3 
Carbon Raschig “4 
rings } 1 
14 
2 
Steel Raschig % 
rings ft (wall 1 
thickness = 2 
Vig in.) 
Lessing rings Tt 1 
(porcelain) \% 
2 
Intalox saddles + % 
(porcelain) 1 
1% 
Ber] saddles § yy 
(porcelain) % 
1 
1% 
Stacked packings 
(stacked for 
maximum sur- 
face area per 
unit of tower 
volume): 
Raschig rings § 2 











Approxi- 
mate aver- 
age weight 


Approxi- 
mate aver- 
age total 
surface area 


per cu ft of | of packing, 


tower vol- 
ume, |b 


sq ft/cu ft 
of tower 
volume 


134 
122 


32 


Packing factor * 
= a,/e, effective 























Per cent |surface area/(void 
free-gas | fraction)’, sq ft 
space | per cu ft of tower 
= € volume (dry- 
x 100 packed values 
for use with 
Fig. 16-17) 
73 768 
68 494 
64 517 
73 199 
73 150 
68 108 
74 46 
74 
74 373 
74 170 
67 92 
74 56 
73 
85 
92 
66 
60 
68 
78 
78 100 f 
81 p2 i 
58 4225 
60 574 
69 229 
70 79 
80 


2 eee ee ae 
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TABLE 3. PHystcAL CHARACTERISTICS OF COMMERCIAL TOWER PACKINGS (Continued) 


CU te Te ee ee eee 
| Packing factor * 


= a,/e’, effective 
Per cent |surface area/(void 


Approxi- 
Approxi- | mate aver- 
mate aver- | age total 


inal , free-gas | fraction)?, sq ft 
Packing ee Bgo-welght pie ir space | per cu ft of tower 
: per cu ft of | of packing, ie volumesire 
tower vol- | sq ft/cu ft x 100 | packed values 
ume, lb of tower ocean oni 
oe Fig. 16-17) 
Single-spiral 4xXx4xX % 61 32 60 
rings t (porce- |6 X 6X 4% 59 21 66 
lain) 
Cross-partition |4 4X % 81 32 53 
rings ¢ (porce- |6 X 6 X % 70 21 48 
lain) 
Drip-point grids {|No. 6146, 72 18 48 
General 
Ceramic 
Company 


*W. E. Lobo et al., Trans. AIChE, 41:693 (1945). 

+ M. Leva, “Tower Packings and Packed Tower Design,’ 2d ed., pp. 7-14, U.S. 
Stoneware Company, Akron, Ohio, 1953. 

{ M. Leva, Chem. Eng. Progr., Symposium Ser., 50(10):51 (1954). 

§ M. Leva et al., “Fluid Flow through Packed and Fluidized Systems,” U.S. Bureau 
of Mines Bull. 504, 1951. 


4 M. Molstad et al., Trans. AIChE, 38:405 (1942). 


Liquid Distribution 


In absorption and distillation towers, the packing should be wetted com- 
pletely by the descending liquid in order to provide the maximum amount 
of active surface area. For this reason, the entering liquid should be dis- 
tributed uniformly over the top of the packing at a flow rate sufficient to 
permit wetting of all the packing surface. The packing support plate 
should provide ample space for passage of both liquid and gas with good 
distribution of the gas. A cone-shaped packing support is often used in 
small columns to distribute the entering gas uniformly throughout the 
packing and reduce the possibility of liquid flooding at the support plate. 

Even with distributors at the top and bottom of the tower, the descend- 
ing liquid has a tendency to channel or flow toward the column wall, thus 
resulting in packing regions where the surface is dry. Stacked packings 
do not give so good liquid distribution as random packings, and, in general, 
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distribution difficulties tend to become excessive if the ratio of tower diam- 
eter to packing diameter is less than 7. 

Loss of active surface area due to improper liquid distribution can be 
reduced by using intermediate redistributor plates, as shown in Fig. 16-11. 
Complete wetting of the packing by preflooding the column at the start of 
the operation or use of a self-wetting packing, such as protruded packing, 
can decrease the detrimental effects of poor liquid distribution. 


Pressure Drop 


The primary factors that affect pressure drop in packed towers are 
(1) fluid-flow rates, (2) density and viscosity of the fluids, and (3) size, 
shape, orientation, and surface of the packing particles. Figure 16-14 illus- 
trates the effects of fluid rates at constant operating pressure, and Fig. 
16-16 shows how increased gas velocity due to reduction in operating pres- 
sure can affect the pressure drop. 


6 
3/4 in. Raschig rings 
Water-air system 
L=superficial liquid 
rate, /b/\hAr)(sq ft) 
Pressure = fatm 


Flooding 
region 


ie 30 


Loading 
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Pressure drop, in. HpO/ft of packed height 
fo) 
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G, superficial gas rate, Ib/(hr)(sq ft) 


Fic. 16-14. Packed-tower pressure drop as function of gas rate and liquid rate. 
As indicated by Figs. 16-14 through 16-16, a log-log plot of pressure 


drop per foot of packed height versus gas rate gives a straight-line relation- 
ship over the lower range of pressure drops. The point where the line first 
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starts to curve upward is often designated as the loading point, to indicate 
that liquid is starting to build up in the column and is reducing the effec- 
tive free space for gas flow. At the flooding point the pressure-drop-versus- 
gvas-rate curve becomes almost vertical, and a liquid layer starts to build 
up on top of the packing. The flooding point represents the upper limiting 
conditions of pressure drop and fluid rates for practical tower operation. 
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Ig. 16-15. Packed-tower pressure drop Fic. 16-16. Pressure drop in packed dis- 
as function of gas rate and type of pack- tillation tower as function of gas rate and 
ing. operating pressure. 


Estimation of Pressure Drop in Packed Towers. Many methods have 
been proposed for estimating pressure drop in packed towers.* Most of 
these methods are based primarily on experimental data obtained with 
countercurrent flow of water and air through various types of packed 
towers. Because of the empirical nature of these correlations and the 


fact that the effects of some of the variables are not included, it is 
always best to predict pressure drops in the design of packed towers on the 


*'T. K. Sherwood and R. L. Pigford, “Absorption and Extraction,” 2d ed., MeGraw- 
Hill Book Company, Ine., New York, 1952. 

S. Ergun, Chem. Eng. Progr., 48:89 (1952). 

M. Leva, Chem. Eng. Progr., Symposium Ser., 60(10) :51 (1954). 

F. A. Zenz, Chem. Eng. Progr., 43:415 (1947); Chem. Eng., 60(8):176 (1953). 
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basis of experimental data obtained with equipment operating under con- 
_ditions equivalent to those involved in the design.* If such data are not 
available, approximations can be made by using the methods outlined in 
the following discussion. 

Irrigated Packings. Because the operation of packed towers in the 
range between the loading region and the flooding point may give erratic 
fluctuations, many packed towers are operated in the preloading range. 
In this range, the slope of the straight lines in Figs. 16-14 through 16-16 
is approximately 2.0, and the pressure drop can therefore be taken as 
directly proportional to the square of the gas mass velocity. 


TABLE 4. CONSTANTS FOR ESTIMATING PRESSURE Drop IN PacKkED Towers By Ea. (19) 


Apply only to preloading range. Above this range, pressure drop predicted by Eq. 
(19) will be too low. 





Nominal Valid for 
Packing size, vy X 108 | @ X 10° | range of L, 
in. Ib/(hr) (sq ft) 
LRAT Te fogh a ha: Sgt Rea ea aa 4 139 Tao) 300-9000 
34 33 4.5 2000-11 ,000 
1 32 453 400-27 ,000 
1% 12 4.0 700-18 , 000 
2 11 2.0 700-22 ,000 
Berlganddled act ede newts tee ate \% 60 3.4 300-14 ,000 
34 24 3.0 400-14 ,000 
] 16 3.0 700-29 , 000 
1% 8 JES 700-22 ,000 
Prtaloxesacdcles sere cr se ce a 1 12 2.8 2500-14 , 000 
1% 6 2.9 2500-14 , 000 
Drip-point grids (cross flue). ......| No. 6146, 1.2 2.3 300-18 , 000 
General 
Ceramic 
Company 








Leva + has correlated experimental data to obtain the following empirical 
equation for estimating pressure drop in packed beds under preloading con- 
ditions with simultaneous counterflow of liquid and gas: 


G? 
aie (10) 2! ex — (19) 
h PG 


* For a compilation of various experimental data, see J. H. Perry, “Chemical Engi- 
neers’ Handbook,” 3d ed., p. 680, McGraw-Hill Book Company, Inc., New York, 1950. 
t M. Leva, Chem. Eng. Progr., Symposium Ser., 60(10):51 (1954). 
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where Ap = pressure drop, psf 
h = packed height, ft 
y, ® = constants with value dependent on packing size and type 
(see Table 4) 
L = superficial liquid mass velocity (based on cross-sectional area 
of empty tower), lb/(hr)(sq ft) 
pt = density of liquid, lb/cu ft 
G = superficial gas mass velocity (based on cross-sectional area of 
empty tower), lb/(hr)(sq ft) 
pg = density of gas, lb/cu ft 
The effect of liquid viscosity is not included in Eq. (19). Although an 
increase in liquid viscosity tends to cause an increase in pressure drop if 
flow rates are held constant, the results of Eq. (19) can be accepted as a 


TABLE 5. PressSURE Drop at FLoopING Point IN PAcKED TOWERS 


Values are based on countercurrent flow of liquid and air at atmospheric pressure. 
In the range between the loading region and the flooding point, an approximation of 
the pressure drop Ap at a gas mass velocity G can be obtained from the following 


equation: 
G \3.2 
Ap = Apr (z-) 


The pressure drop at the loading point is usually in the range of one-fourth to one- 
sixth of the pressure drop at the flooding point. 


Pressure drop at flooding point, Apr/h, 
in. water/ft of packed height 




















Nominal 
Packing size, Kinematic viscosity of liquid, 

in. centistokes = centipoises/specific gravity 
0.6 1.0 3.0 6.0 10 20 40 
Raschig rings. . . A 4.4 4.0 3.3 3.0 2.8 2.6 2.4 
“% 3.9 3.5 2.9 2.7 2.5 2.3 2.1 
34 3.3 3.0 2.5 2.3 2.1 1.9 1.8 
1 3.3 3.0 2.5 2.3 2.1 1.9 1.8 
1% 2.8 2:5 2.1 1:9 1.8 1.6 1.5 
2.8 2.5 2.1 1.9 1.8 1.6 1.5 
Berl saddles... . yy ih et led ilies 2. iL 1.0 1.0 0.9 
% 2.1 2.0 1.8 ANN 16 1.5 1.4 
34 Zee 2.5 2.3 2.1 2.0 1.9 1.8 
1 Bar 2.5 2.3 2.1 2.0 1.9 1.8 
1% 2.4 2.2 2.0 1.8 Lal 1.6 1.5 
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reasonable approximation if the liquid involved has a viscosity less than 
about 2 centipoises. 
At the flooding point for a given packing and set of fluids, the pressure 
drop per foot of packed height remains approximately constant with varia- 
tions in fluid rates and operating pressure. Table 5 presents typical pres- 
sure drops for various fluids and packings at the flooding point.* The 
table also indicates a method for estimating pressure drop when a packed 
column is operated in the range between the loading point and the flooding 
point. 

Dry Packings. The following equation, proposed by Ergun, can be used 
to estimate pressure drop caused by the flow of a gas through dry packings: 


Ap l—e @ jp — ug 


ho & dygegl dy 


a 175 | 20 
h ee dnJepe ( ) 


where e = fractional void volume in bed, cu ft void/cu ft of packed-tower 
volume 
ug = absolute viscosity of gas, lb/(ft) (hr) 
d, = effective diameter of packing particle, ft, or diameter of a sphere 
with same surface-to-volume ratio as packing particle 
= 6(1 — €)/ap 
a, = surface area of packing per unit of packed-tower volume, sq ft/ 
cu ft 
Equation (20) accounts for simultaneous kinetic and viscous energy 
losses, and it is applicable to the single-phase flow of liquids as well as gases. 


Example 5. Estimation of Pressure Drop in Packed Tower. A column 2 ft in diam- 
eter is packed with 34-in. stoneware Raschig rings. Air, at an average pressure of 1 atm 
and an average temperature of 70°F, flows through the tower at a superficial mass 
velocity of 600 lb/(hr)(sq ft). Estimate the pressure drop through the dry packing by 
Eq. (20). If water at 70°F flows countercurrent to the air at a rate of 8000 Ib /hr, esti- 
mate the pressure drop by Eq. (19). Express the answers as inches of water per foot 
of packed height, and compare the calculated results with the values shown in Fig. 
16-14. 


Solution 
Dry packing: Eq. (20) applies. 


= re — Gg Fis pe st ae 75 











dy 
From Table 3, 


e = 0.73 
ay (based on total surface area) = 80 sq ft/cu ft 
d _ 61 = ¢) _ 60 — 0.78) _ 9 ooo ft 

: Ay 80 
*F. A. Zenz, Chem. Eng., 60(8):176 (1953). 
+S. Ergun, Chem. Eng. Progr., 48:89 (1952). 
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ug (at 70°F) = 0.018 centipoise = 0.018 X 2.42 = 0.044 Ib/(ft)(hr) 





a (29)(492) = lt > ft 

pg = (359)(530) 0.075 |b/eu 
Ap 1-—0.73 (600)? eae — 0.73)(0.044) ei 175 
h  (0.73)8 (0.0202)(32.17)(3600)?(0.075) (0.0202) (600) 


(0.67)(33.93)(12) 


= 0.13 in. water/ft 
(14.7)(144) 


0.67 Ib/(sq ft)(ft) = 


According to Fig. 16-14, Ap/h = about 0.15 in. water/ft. 
Irrigated packing: Eq. (19) applies. 
AP _ (10yeele, © 
h PG 
From Table 4, 
vy = 33 x 1078 
® = 4.5 x 107% 
pL = 62.3 lb/cu ft 


8000 
= ———, = 2550 lb/(hr)(sq ft) 
(3 /4)(2)? 
2 
Op _ —8/ 4 )0.0045>2550/62.3 (800)" _ 2.42 Ib/(saq ft) (ft 
5 = 33 X 10-*(10) 0.075) 7 7 /(sq ft) (ft) 


__ (2.42)(33.93)(12) 


= 0.47 in. water/ft 
(14.7)(144) 


According to Fig. 16-14, Ap/h = about 0.48 in. water/ft. 


Allowable Vapor Velocity 


The limiting vapor velocity for practical operation of a packed tower is 
set by the flooding point. As in the case of bubble-cap plate towers, the 
design engineer can determine the necessary diameter of a packed tower 
on the basis of the limiting vapor velocity. The maximum allowable vapor 
velocity is commonly designated as the superficial velocity at the flooding 
conditions. Because the tower operation may become unstable as the 
flooding point is approached, the design value for allowable vapor velocity 
is usually estimated to be 50 to 70 per cent of the maximum allowable 
velocity, and this allowable velocity is used to establish the column diam- 
eter. 

General Correlation for Flooding Rate. Figure 16-17 presents a corre- 
lation for flooding conditions in packed towers.*+ The flooding line for 


* The correlation presented in Fig. 16-17 is based on the method proposed by T. K. 
Sherwood, G. H. Shipley, and F. A. L. Holloway, Ind. Eng. Chem., 30:765 (1938), with 
the modification of experimental determination of appropriate ap/e® values as given 
by Lobo et al., Trans. AIChE, 41:693 (1945). 

+ Many other correlations for flooding rates in packed towers have been proposed. 
Some examples follow: The results of B. C. Sakiadis and A. I. Johnson, Ind. Eng. Chem. 
46:1229 (1954), apply to spray columns and packed towers. E. H. Hoffing and F. J. 
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random packings is based on experimental data obtained with 15 different 
liquids, 3 gases, and various random packings, such as Raschig rings, Berl 
saddles, spheres, and helices. Best results are obtained if the value of the 
packing factor (a,/e*) is based on direct experimental measurements with 
the particular packed tower; however, in the absence of experimental 
values, the data given in Table 3 can be used to approximate a,/e’. 


TS ES, 
0 4 amet Flooding with 
; é stacked packing 
0.4 Flooding with — 
N random packing 
So 
x 0.2 
RIS 
sais | O10 
S 0.06 sa 


Lower limit for 
0.02|— /oading with 
random packing 


0,/€7 = packing factor 





0.002 LL, =liquid viscosity, cp 











0.001 
OO! 002 004 O10 02 04 +1 2 46 10 
Ly /% 


Fic. 16-17. Correlation for estimating flooding rate with gas-liquid systems in packed 
towers. 


The dashed line in Fig. 16-17 represents the approximate lower limit of 
the loading range for random packings and can be used as a rough check 
to determine what per cent of the maximum allowable velocity will give 
operating conditions in the preloading range.* As indicated by the dotted 
line in Fig. 16-17, stacked packings have higher flow capacities than random 
packings.t This increased capacity can be attributed partly to the de- 








Lockhart, Chem. Eng. Progr., 50:94 (1954) ; F. R. Dell and H. R. C. Pratt, Trans. Inst. 
Chem. Engrs. (London), 29:89 (1951), and J. Appl. Chem., 2:429 (1952), have presented 

latic ns for liquid-liquid and gas-liquid systems. 
© * M. caves Chem. Eng. Progr., Symposium Ser., 60(10):51 (1954). Leva states that 
the correlation presented in Fig. 16-17 is tapreved if the ordinate group is multiplied 


| Vy (owa lp” ° 
+ M_G. Molstad et al., Trans. AIChE, 38:405 (1942). 
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creased holdup and lower pressure drop due to the regular arrangement of 
the packing. pees. 

Simplified Approximate Method for Estimating Flooding Velocities in 
Packed Distillation Towers.* At the flooding velocity in a packed tower, 
liquid starts to build up over the packing. It can be assumed, therefore, 
that flooding occurs when the downward pressure of the descending films 
or droplets equals the upward velocity pressure of the rising vapor. With 
this assumption and considering the gas density as negligible in comparison 
to the liquid density, the pressure-balance equation can be written as 


Va 
(=) seieiee (21) 
2g 


where H, is a constant for each packing and can be considered as the eae 
diameter or film length of the liquid droplets. If K, is defined as (29H) a3 
Eq. (21) can be expressed in a form similar to Eq. (14) as 


Vigiek eal (22) 
pG 


Since the superficial gas mass velocity equals Vpg, Eq. (22) can be written 
in the following alternative form: 


Gm = Vmeg = KpV pipe (23) 


Equations (21) through (23) do not include any effects due to liquid 
viscosity or liquid flow rate. Consequently, the equations are most useful 
when experimental data for the packing are available at known L/G ratios 
and liquid viscosities. For design purposes, liquid-viscosity effects can be 
assumed negligible if the viscosity is under 2 centipoises. Because of errors 
that may be introduced by neglecting the influence of the liquid rate, use 
of Eq. (22) or (23) should be limited to cases in which the liquid rate is 
less than 1.5 times the gas rate. 

Effect of Operating Pressure on Flooding Velocities. Because many 
packed towers are operated at reduced pressures, the effect of total operat- 
ing pressure on flooding rates is of particular interest to both the design 
engineer and the operations engineer. As a rough rule of thumb, the maxi- 
mum allowable vapor velocity V,, in packed distillation columns is from 
1 to 3 fps at atmospheric pressure and increases with decreasing pressure 
in direct proportion to the square root of the pressure ratios. Similarly, 
the maximum allowable mass velocity G,, decreases with decreasing pres- 
sure in direct proportion to the square root of the pressure ratios. A 


* M.S. Peters and M. R. Cannon, Ind. Eng. Chem., 44:1452 (1952). 
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typical example of the effect of operating pressure on maximum allowable 


vapor velocity and maximum allowable gas mass velocity is presented in 
Fig. 16-18. 


1/4 in. Berl saddles 
n-decane — trans-decalin 
Column diameter = Zin. 
Packed height=2ft 

Total reflux (L=G) 


Gm, |b/(hr)(sq ft) 





Head pressure, mm Hg 


Fic. 16-18. Effect of operating pressure in packed distillation column on maximum 
allowable gas rates as superficial linear velocity and mass velocity. 


The relationship between the maximum allowable rates in a packed dis- 
tillation tower at two different pressures for a given packing, reflux ratio, 
and set of fluids can be estimated by writing Eq. (22) or Eq. (23) for each 
pressure and eliminating the constant K,. This procedure gives 














PG2PL 

Vin a Ving Fj ~—— (24) 
PG \PLe 
PGiPL 

Cas — if: , —— (25) 
PGoPL» 


where subscript 1 designates average conditions at one operating pressure 
and subscript 2 designates average conditions at the second operating 


ressure. 
/ If the vapor acts as a perfect gas, pg = McP/RT, and Eqs. (24) and 


(25) can be expressed as 


0.5 0.5 0.5 /M\0-5 
art: (2) (“) (=) (~*) (26) 
my 2 P, PL» T > Meg, 
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P, 0.5 Ply 0.5 Te 0.5 Me, 0.5 
Gra = an =] -_ye es 
P2 PLe Ti Me, 
where R = perfect-gas-law constant 
P = total pressure 


T = absolute temperature 
Mg = molecular weight of gas - 





(27) 


Example 6. Estimation of Maximum Allowable Gas Rate in Packed Tower. A ran- 
dom-packed distillation tower is being operated at an average pressure equal to 1 atm. 
The reflux ratio is such that an average value of 1.0 may be assumed for L/G. The 


column is being operated at 60 per cent of the maximum allowable gas rate. 


Under 


these conditions, the average gas rate through the tower is 100 lb/hr and the average 
superficial gas velocity is 1.5 fps. If the operating pressure is reduced until the 
average pressure in the tower is 100 mm Hg and the ratio L/G is unchanged, estimate 
the maximum allowable gas rate as pounds per hour by (a) use of the simplified approxi- 


mate Eq. (23), and (b) use of Fig. 16-17. The following data apply: 








A 
PAY OraRY At average 
temperature and 
viamosohens temperature and 
100 mm Hg 
pressure 
DG lb /cCunt teen 0.20 0.031 
pr ib cil Tian k wok ann 50 52 
Me, centipoises......... 0.5 0.7 





Solution 


(a) By Eq. (23) 


At a pressure of 1 atm 
100 


- (0.60) (cross-sectional area) 


m 


Ib/(hr)(sq ft) 


2 100 
? ~ (0.60)(cross-sectional area)[(50)(0.20)]” 





At pressure = 100 mm Hg 


Om = Kp aims = AOOSNOOPE 
(0.60) (cross-sectional area) [(50)(0.20) }’# 


Maximum allowable gas rate at 100 mm Hg pressure by Eq. (23) is 
100 —_/(52)(0.031) 


G»(cross-sectional area) = mae yn 
0.60 (50)(0.20) 67 Ib/hr 





The same result could be obtained directly from Eq. (25). 
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Bee (1) ee = 0.063 


Vin"(ap/) pGhe” 


(6) At pressure = 1 atm 


From Fig. 16-17 





= 0:15 
JPL 
eS) 
ji So 
060 = 2.5 fps 
Ap (0.15)(32.17)(50) — 999 





& — (2.5)2(0.20)(0.5)92 


At a pressure of 100 mm Hg 


0.031 
= (1) ou = 0.024 


Vimn?(Ap/e) pqpe?” 


From Fig. 16-17 


= 0.20 
JPL 
7, = [(020,82.179652) 7_ 
bas Saeed = 7.2 fps 





: 100 
Cross-sectional area of empty tower = — —— — 
(1.5)(0.20)(3600) 


= 0.0927 sq ft 


Maximum allowable gas rate at 100 mm Hg by Fig. 16-17 is 
Vmec(cross-sectional area) = (7.2)(0.031)(0.0927)(3600) = 74 lb/hr 


RELATIVE MERITS OF PLATE AND PACKED TOWERS 


The choice between use of a plate tower or a packed tower for a given 
mass-transfer operation should, theoretically, be based on a detailed cost 
analysis for the two types of contactors. Thus, the optimum economic 
design for each type would be developed in detail, and the final choice 
would be based on a consideration of costs and profits at the optimum 
conditions. In many cases, however, the decision can be made on the 
basis of a qualitative analysis of the relative advantages and disadvantages, 
and the need for a detailed cost comparison is eliminated. The following 
general advantages and disadvantages of plate and packed towers should 
be considered when a choice must be made between the two types of con- 
tactors: 

1. Stage efficiencies for packed towers must be based on experimental 
tests with each type of packing. The efficiency varies, not only with the 
type and size of packing, but also with the fluid rates, the fluid properties, 
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the column diameter, the operating pressure, and, in general, the extent of 
liquid dispersion over the available packing surface. 

2. Because of liquid-dispersion difficulties in packed towers, the design 
of plate towers is considerably more reliable and requires less safety factor 
when the ratio of liquid mass velocity to gas mass velocity is low. 

3. Plate towers can be designed to handle wide ranges of liquid rates 
without flooding. 

4. If the operation involves liquids that contain dispersed solids, use of 
a plate tower is preferred because the plates are more accessible for cleaning. 

5. Plate towers are preferred if interstage cooling is required to remove 
heats of reaction or solution, because cooling coils can be installed on the 
plates or the liquid-delivery line from plate to plate can be passed through 
an external cooler. 

6. The total weight of a dry plate tower is usually less than that of a 
packed tower designed for the same duty. However, if liquid holdup dur- 
ing operation is taken into account, both types of towers have about the 
same weight. 

7. When large temperature changes are involved, as in distillation opera- 
tions, plate towers are often preferred because thermal expansion or con- 
traction of the equipment components may crush the packing. 

8. Design information for plate towers is generally more readily available 
and more reliable than that for packed towers. 

9. Random-packed towers are seldom designed with diameters larger 
than 4 ft, and diameters of commercial plate towers are seldom less than 
2 ft. 

10. Packed towers prove to be cheaper and easier to construct than 
plate towers if highly corrosive fluids must be handled. 

11. Packed towers are usually preferred if the liquids have a large tend- 
ency to foam. 

12. The amount of liquid holdup is considerably less in packed towers. 

13. The pressure drop through packed towers may be less than the pres- 
sure drop through plate towers designed for the same duty. This advan- 
tage, plus the fact that the packing serves to lessen the possibility of tower- 
ne collapse, makes packed towers particularly desirable for vacuum oper- 
ation. 


COSTS FOR MASS-TRANSFER EQUIPMENT 


Plate and Packed Towers 


The purchased cost for plate and packed towers can be divided into the 
following components: (1) cost for shell, including heads, skirts, manholes 
and nozzles; (2) cost for internals, including trays and accessories pabking: 
supports, and distributor plates; (3) cost for auxiliaries, such as plathonnee 
ladders, handrails, and insulation. | 
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TABLE 6. Cost PER PounpD FoR FABRICATED STEEL Towers * 


The indicated costs are for the fabricated tower shell only, without trays, packing, 
or connections. 


Purchase cost 


of shell, 
cents /lb 
Total weight of shell, lb (January, 1957) 

SAN etree: isek antine ows eke later 60 
UN mage creas Eee ee, accor oe 1s cee IN 50 
RS ae htt nee Wh Rha haem fod anal ne 40 
BO ee ee AE tpl lh Senter Pewee 30 
PUR LD VR \ea cA | od neta i Hil mere me 20 


*H. Bliss, Chem. Eng., 64(5):126, 54 (6):100 (1947); W. L. Nelson, Ozl Gas 4 By alate 
(Dec. 16, 1948); and O. T. Zimmerman and I. Lavine, “(Chemical Engineering Costs,”’ 
Industrial Research Service, Dover, N.H., 1950. 


Flanged manholes 
(30 in. ID) 
60 


oO 
oO 


Cost per connection, dollars/in. connection I. D. 


Couplings 
10 (1 to Zin. LD) 





Tower wall thickness, in, 


Values apply to 
3. 16-19. Approximate installed cost of steel tower connections. 

ae eaten Multiply costs by 0.9 for 150-lb connections and by 1. .2 for 600-Ib 
connections. [H. Bliss, Chem. Eng., 64(5):126, 64 (6):100 (1947); W. L. Nelson, Oil Gas 
J., 47:113 (Dec. 16, 1948) ORT Zimmernuin and I. Lavine, "Chemical Engineering 
Costs, ” Industrial Research Service, Dover, N.H., 1950.] 
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Shell cost is most conveniently estimated on the basis of weight. Table 6 
indicates approximate costs per pound for fabricated steel towers, and the 
values in this table can be used to obtain a rough estimate of the cost for 
the fabricated shell without connections. The cost for installed connec- 
tions, such as manholes and nozzles, can be estimated from the data in 


Fig. 16-19. 





Bubble-cap trays 
(stee/) 








800 


600 
PEA Ade ae aa 
stainless stee/ 
fe Sal pea 
ee 


Stamped turbogrid 
200 , trays (stainless stee/) 
| 




















Purchased cost, dollars per tray 





Jan. 1957 





Tower diameter, ft 


Fie. 16-20. Cost of trays in plate towers, including tray deck, bubble caps, risers 
downcomers, structural-steel parts, and tray-installation cost. [R. S. Aries and ie D. 
Newton, “Chemical Engineering Cost Estimation,’ McGraw-Hill Book Company, I ne., 
New York, 1955; H. Bliss, Chem. Eng., 64(5):126, 64(6):100 (1947); C. H. Chilton, Chem. 
Eng., 56(6):97 (1949); R. Katzen, Chem. Eng., 62(11):209 (1955); W. L. Welcau Oil 
Gas J., 47:277 (Dec. 30, 1948); Shell Development Co. Eng. Staff, Chem. Eng Progr 
50:57 (1954); Petroleum Refiner, 31(11):105 (1952); O. T. Zimmerman and I Lavine, 
“Chemical Engineering Costs,” Industrial Research Service, Dover, N.H., 1950.] - 


Tray costs are shown in Fig. 16-20 for conventional installations, and 
the approximate price for various types and sizes of industrial packings is 
indicated in Fig. 16-21. For rough estimates, the cost for a distributor 
plate in a packed tower can be assumed to be the same as that for one 
bubble-cap tray. 

. Table 7 presents data that can be used for estimating the cost of auxilia- 
ries, such as insulation, ladders, platforms, and handrails. Relative fabri- 
wes for various materials used in tray-tower construction are listed 
in Table 8. 











Cost, dollars/cu ft 








2 
0.25 0.5 { 2 a 
Nominal packing size, in. 
Fic. 16-21. Cost of industrial packings. [H. Bliss, Chem. Eng., 54(5):126, 54(6):100 
(1947); W. L. Nelson, Oil Gas J., 47:277 (Dec. 30, 1948); J. H. Perry, “Chemical Engi- 


neers’ Handbook,’ 3d ed., McGraw-Hill Book Company, Inc., New York, 1950; O. T. 
Zimmerman and I. Lavine, ‘Chemical Engineering Costs,” Industrial Research Service, 


Dover, N.H., 1950.] 


TABLE 7. Cost or ToweR AUXILIARIES * 
i 











Item Cost, January, 1957 Amount for typical tower 
Ure Fe a ee $0.17/Ib 30 lb/ft of height 
Platforms and 

handrails....... 0.17/Ib Tower diameter, ft | Weight, lb 
4 1700 
6 2300 
8 2800 
10 3300 
nelson. 2. «a 1.80/sq ft For 1\%-in. thickness 


2.40/sq ft For 5-in. thickness 


I 
* H. Bliss, Chem. Eng., 64(5) :126, §4(6):100 (1947). 


418 PLANT DESIGN AND ECONOMICS FOR CHEMICAL ENGINEERS 


TABLE 8. RELATIVE FasricateD Cost ror Metats USED IN 


TRAY-TOWER CONSTRUCTION * ; 
Relative cost 


per sq ft of tray 
area t¢ (based on 


Materials of construction carbon steel = 1) 
Sheet-metal trays: 
Steels v/a une whe oO con a ecb ny ea ee in oR eg 1 
46% chrome—}% moly alloy steel............+.-. 2 
11-13% chrome type 410 alloy steel............... 2.5 
Reed hirssd.a 5). sis ke 3 > dy a ee cece Bee Gare 3 
Stainless steel type 8042. © eone is cones o8s ob oe eee 3 
Stainless steel type: B47 vg-csse we oe ss oe ee 3.5 
IMOnel eis ete maken cs tar riee recep er eats often care a 
Stainless steel type SIG... al hein nek keene ees 5 
Tnconiels ts ca Ch a ipertksos ps eee Oe ae mie ag me ene Pdi 5 
Cast-iromitrayas, anei neh ela oe ee a ee ere 2.8 


* J. A. Davies, Petroleum Refiner, 29(8):93 (1950); and J. Donavon, Chem. Eng. Progr., 
50:320 (1954). 

+ These factors on a per-pound basis also apply approximately to the fabricated ma- 
terials used for the tower shell. 


DRYERS 


Cost data for drum dryers and rotary dryers are presented in Fig. 16-22. 
Additional cost data and an outline of design methods for dryers are 
covered in two extensive articles by Lapple, Clark, and Dybdal.* 


100,000 Ee 
60,000 (socaalinas SIGE HEB 








fe 
[asec | esas fees |e) 












Purchased cost, dollars 


ane San 
et he tee 
moe Leap ememe. | 

| | | [van. 1957 
imate Sag OU ARM ee eat 


{0 20 40 60 100 200 400600 1000 2000 
Peripheral area, sq ft 


Fig. 16-22. Cost of steel rotary and drum dryers with auxiliaries. [R. S. Aries and 
R. D. Newton, “Chemical Engineering Cost Estimation,” McGraw-Hill Book Compan Y, 
Inc., New York, 1955; G. J. Crites, Chem. Eng. Costs Quarterly, 6:4 (1956); W. C. Lapple, 
W. E. Clark, and E. C. Dybdal, Chem. Eng., 62(11): 177 (1955); J. F. Maguire, Chem. 
Eng. Costs Quarterly, 6:37 (1956); J. H. Perry, “Chemical Engineers’ Handbook,”’ 3d ed., 

McGraw-Hill Book Company, Inc., New York, 1950.] 


*W. C. Lapple, W. E. Clark, and E. C. Dybdal, Chem. Eng., 62(11): 177; 62(10):191 
(1955). 
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Example 7. Estimation of Cost for Bubble-cap Tower. A distillation tower contains 
18 steel bubble-cap trays. An 18-in. manhole is located above each tray, and one man- 
hole is located below the bottom tray. The ID of the tower is 6 ft, and the total height 
including the skirt is 50 ft. The shell is steel (density = 490 Ib/cu ft) with a 54-in. wall 
thickness. Six l-in. couplings and the following flanged nozzles are attached to the 
tower: one 10-in. vapor-line nozzle; three 4-in. nozzles; and six 2-in. nozzles. On the 
basis of the data presented in Table 6, Fig. 16-19, and Fig. 16-20, estimate the cost of 
the tower with trays installed, but not including cost for auxiliaries or tower installa- 
tion. The total weight of the shell, including heads and skirt, may be assumed to be 
1.12 times the weight of the cylindrical shell. 


Solution 


According to W. L. Nelson, Ozl Gas J., 47:93 (Jan. 6, 1949), the estimated total pur- 
chased cost for the distillation tower described in this problem was $16,000 in 1946. 


g 
Ic 


G 
Gm 


h 


c 


Total weight of shell = (6)(5¢)(14 2)(3.14)(50)(490)(1.12) = 27,000 Ib 





Purchased cost of steel shell = (27,000)(0.28)............. $ 7,600 
Cost for 19 installed 18-in. manholes = (19)(31)(18)....... 10,600 
Cost for 1 installed 10-in. nozzle = (1)(19)(10)............ 190 
Cost for 3 installed 4-in. nozzles = (3)(19)(4)............. 230 
Cost for 6 installed 2-in. nozzles = (6)(19)(2)............. 230 
Cost for 6 installed 1-in. couplings = (6)(1)(5)............ 30 
Cost for 18 installed steel bubble-cap trays = (18)(490).... 8,800 

FLSA een ee ee Ge mire Uke ene Set ee $27,680 


Estimated total purchased cost for tower = $28,000 


NOMENCLATURE FOR CHAP. 16 


= surface area of packing per unit of packed-tower volume, sq ft/cu ft 


sq ft 
= width of slot at base, ft 
= height of slot, ft 
= liquid gradient factor; see Fig. 16-8 
= effective diameter of packing particle, ft; defined with Eq. (20) 
= perpendicular distance from weir to center of tower, ft 
= inside diameter of tower, ft 
= over-all column efficiency, per cent 
= correction factor for evaluation of liquid gradient; see Fig. 16-8 
local acceleration due to gravity; usually taken as 32.17 ft/(sec)(sec) 


= conversion factor in Newton’s law of motion, 32.17 ft-lb mass/(sec)(sec)(Ib 


force) 


= superficial mass velocity of gas (based on cross-sectional area of empty tower), 


Ib/(hr)(sq ft) 


= maximum allowable superficial mass velocity of gas (based on cross-sectional 


area of empty tower) lb/(sec)(sq ft) or lb/(hr)(sq ft) 
= packed height, ft 


= head of liquid equivalent to pressure drop due to gas flow through riser and 


cap, ft of liquid 


= minimum cross-sectional area for downcoming liquid flow in plate tower, 


420 


ha = 


he 
h H 
lik 


hshot 


hr 


S ™m 
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head of liquid equivalent to pressure drop due to liquid flow through down- 
comer and constriction, ft of liquid 


= liquid gradient across tray, ft 


head of liquid equivalent to pressure drop due to one kinetic head, ft of liquid 
head of liquid over weir, ft 

distance liquid is depressed below top of slot = head of liquid equivalent to 
pressure drop due to gas flow through slots, ft of liquid 

head of liquid equivalent to total pressure drop of gas across tray, ft of liq- 
uid 


= height of weir, ft 


total head of liquid in downcomer, ft 


=a constant for evaluating maximum allowable gas rates in packed towers, 


ft 

a constant for evaluating maximum allowable gas rates in packed towers, 
fps 

a constant for evaluating maximum allowable gas rates in bubble-cap towers, 
fps 

total free space between bubble caps perpendicular to direction of liquid flow, 
average of various rows, ft 

total free space between bubble-cap risers perpendicular to direction of liquid 
flow, average of various rows, ft 


= weir length, ft 
= superficial mass velocity of liquid (based on cross-sectional area of empty 


tower), lb/(hr)(sq ft) 


= molal liquid flow rate, lb mole/hr 


mole fraction of solute in gas in equilibrium with liquid/mole fraction of 
solute in liquid at average column temperature and pressure 

average molecular weight of liquid absorbent, Ib 

molecular weight of gas, lb 

pressure; Ap is pressure drop in packed tower, psf or in. water 


= pressure at flooding; Apr is pressure drop in packed column at flooding point, 


psf or in. water 


= pressure; Apr is total pressure drop of gas across bubble-cap tray, psi 


total pressure, expressed as equivalent ft of liquid or psf 

volumetric flow rate of liquid, efs 

volumetric flow rate of gas, cfs 

number of rows of caps perpendicular to direction of liquid flow 
perfect-gas-law constant, 1545 psf—cu ft/(Ib mole)(°R) 

skirt clearance, ft 

static submergence, distance from top of bubble-cap slot to liquid surface 
when liquid is just ready to flow over the weir, ft 

absolute temperature, °R 


= superficial linear velocity of gas (based on cross-sectional area of empty 


tower), fps 
linear velocity of gas in riser, reversal area, or annulus of bubble cap (maxi- 
mum value), fps 


maximum allowable superficial linear velocity of gas (based on cross-sectional 
area of empty tower), fps 


= molal gas flow rate, lb mole/hr 
= average width of tray normal to direction of liquid flow (computed as the 


average of the total tray width at each row of caps), ft 
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Greek Symbols 


@ayg = alpha, relative volatility of key components at average column temperature 
‘ and pressure 
@s, @ = quantities for evaluating pressure drop through slots; defined in footnote to 
Eqs. (5) and (6) 
Bs, Bs = beta, quantities for evaluating pressure drop through slots; defined in foot- 
note to Eqs. (5) and (6) 
y = gamma, constant, value dependent on packing size and type; see Table 4 
e = epsilon, fractional void volume in packed bed, cu ft void/cu ft of packed- 
tower volume : 
@ = theta, angle subtended from center of tower by chord weir, deg 
MA, avg = mu, molal average viscosity of liquid absorbent at average column tempera- 
ture and pressure, centipoises 
uc = absolute viscosity of liquid, centipoises 
HP, ave = Molal average viscosity of feed at average column temperature and _pres- 
sure, centipoises 
ug = absolute viscosity of gas, lb/(ft)(hr) 
7 = pi, constant = 3.1416 
PA, avg = rho, density of liquid absorbent at average column temperature and pressure, 
Ib/eu ft 
pg = gas density, lb/cu ft 
px = liquid density, Ib/cu ft 
o = sigma, surface tension of liquid, dynes/em 
# = phi, constant, value dependent on packing size and type; see Table 4 


PROBLEMS 


1. A sieve-tray tower has an ID of 5 ft, and the combined cross-sectional area of 
the holes on one tray is 10 per cent of the total cross-sectional area of the tower. The 
height of the weir is 1.5 in. The head of liquid over the top of the weir is 1 in. Liquid 
gradient is negligible. The diameter of the perforations is 346 in., and the superficial 
vapor velocity (based on the cross-sectional area of the empty tower) is 3.4 fps. 
The pressure drop due to passage of gas through the holes may be assumed to be equiv- 
alent to 1.4 kinetic heads (based on gas velocity through holes). If the liquid density 
is 50 lb/eu ft and the gas density is 0.10 Ib/cu ft, estimate the pressure drop per tray 
as pounds force per square inch. 

2. An existing bubble-cap distillation tower has an ID of 8 ft and a tray spacing of 
30 in. The tower is operating under a pressure of 70 psig, and a slot liquid seal of 2 in. 
is maintained. At the point of maximum volumetric vapor flow, the molecular weight 
of the vapor is 100, the rate of vapor flow is 1500 lb mole/hr, the liquid density is 55 
lb/eu ft, and the temperature is 175°F. The pressure drop through the tower is negli- 
gible, and the perfect-gas law is applicable to the rising vapors. Approximately what 
per cent of the maximum allowable flow rate is being used in the tower? 


3. A mixture of benzene and toluene containing 60 mole % benzene is to be separated 


into an overhead product containing 96 mole % benzene and a bottoms containing 
25 mole % benzene. A bubble-cap tower has been designed which is intended to ac- 
complish this separation at atmospheric pressure. At the operating conditions chosen, 
calculations have shown that 6.1 theoretical stages are necessary. The temperature 


is 181°F at the top of the column and 213°F in the reboiler. Assuming the reboiler 
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acts as one theoretical stage, estimate the number of actual trays required. Benzene 
and toluene mixtures may be considered as ideal. At 197°F, the vapor pressure of 
pure benzene is 1070 mm Hg and the vapor pressure of pure toluene is 429 mm Hg. 

4. For the conditions given in Example 2, what weir height would be necessary to 
reduce the following dimensionless ratio to the recommended maximum value of 0.4: 
liquid gradient/pressure-drop head caused by bubble-cap assemblies? 

5. Air is passing through a bubble-cap plate at a superficial vapor velocity of 2 fps. 
Water is flowing across the tray at a rate of 0.1 cu ft/(sec) (ft diameter). The water 
and air are at a temperature of 70°F, and the pressure is 1 atm. Assuming stable 
operation of the plate and a liquid gradient of 0.4 in., estimate the per cent of the total 
pressure drop across the tray due to the head of liquid above the slots. The following 
specifications apply to the unit: 


Inside diameter = 6 ft 

Minimum total cross-sectional area of riser, direction-reversal space in cap, or annular 
cap space = 15 per cent of tower cross-sectional area 

Total slot area = 10 per cent of tower cross-sectional area 

Length of chord weir = 0.7 X tower diameter 

Slots in caps are triangular, and slot width at base = 0.4 in. 

Slot height = 1.5 in. 

Static submergence = 1.0 in. 


6. A random-packed absorption tower is to be used for removing a hydrocarbon 
from a gas mixture by countercurrent scrubbing with an oil. Stoneware Raschig rings 
of 1-in. nominal size will be used as the packing. The tower must handle a gas rate of 
2000 lb/hr and a liquid rate of 6000 lb/hr. A gas velocity equal to 70 per cent of the 
maximum allowable velocity at the given liquid and gas rates will be used. The gas 
density is 0.075 lb/cu ft. The liquid density is 55 lb/cu ft. The viscosity of the oil 
is 20 centipoises. Under these conditions, estimate the necessary tower diameter and 
the pressure drop through the tower as inches of water per foot of packed height. 

7. A blower is being used to force 200 lb of air per hour through a 12-in. inside-diam- 
eter tower countercurrent to water flowing at a rate of 6000 lb/hr. The tower is packed 
to a height of 10 ft with 1-in. Berl saddles. The average pressure in the tower is 1 atm, 
and the temperature is 75°F. The blower-motor combination used at the gas inlet has 
an over-all efficiency of 50 per cent. Estimate the power cost per 8000 operating hours 
for forcing the air through the packing if the cost of power is $0.015 per kilowatthour. 

8. A random-packed distillation tower with an inside diameter of 6 in. is being oper- 
ated at a condenser pressure of 100 mm Hg. The following data are obtained during 
operation: 


Packed height = 3 ft 

Gas rate = 100 lb/hr 

Liquid rate = 90 lb/hr 

Average molecular weight of gas = 100 
Average temperature = 110°F 

Total pressure drop = 12 mm Hg 
Liquid viscosity = 1.2 centipoises 
Liquid density = 55 lb/cu ft 


A larger distillation tower is needed for the same mixture, and it has been decided 
to use a 12-in. inside-diameter tower with the same type and size of packing. The 
packed height will be 3 ft. The condenser pressure will be 50 mm Hg, and the cveee 
temperature can be assumed to be 95°F. At this temperature, the liquid viscosity is 
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1.4 centipoises, the liquid density 57 lb/cu ft. The 12-in. tower will be operated at the 
same per cent of the maximum allowable gas mass velocity as the 6-in. tower, and the 
same ratio of L/G will be used. The average molecular weight of the gas is unchanged. 
With the given packing and fluids, the pressure drop at the flooding point can be as- 
sumed to be 16 mm Hg/ft of packed height. Neglecting the effect of temperature on 
fluid densities at the flooding point, estimate the gas rate as pounds per hour at the 
indicated operating conditions in the 12-in. tower. 

9. A special test on the 6-in. distillation tower described in Prob. 8 indicates that 
the total pressure drop is 2.9 mm Hg when the gas rate is 50 lb/hr. For this test, the 
condenser pressure was maintained at 100 mm Hg, the L/G ratio was the same as 
shown in Prob. 8, and temperature change was negligible. Operation can be considered 
to be under preloading conditions. Estimate the total pressure drop at the operating 
conditions indicated in Prob. 8 for the 12-in. column. 

10. A random-packed tower is to be used for contacting 3000 lb/hr of air with 4000 
lb/hr of water. The tower will be packed with l-in. Raschig rings. The operating 
pressure is 1 atm, and the temperature is 70°F. Assuming column operation is in the 
preloading range, estimate the optimum diameter per foot of packed height to give 
minimum annual cost for fixed charges and blower operating charges. The following 
additional data apply: 


Annual fixed charges = 0.2 X cost of installed unit 

Cost of installed unit, complete with distributor plates, supports, and all auxiliaries = 
2.0 X purchased cost of shell and packing 

Purchased cost of shell = $10/cu ft of packed volume 

Purchased cost of packing = $5.50/cu ft 

Cost of delivered power = $0.02/kwhr 

Operating time = 8000 hr/year 


CHAPTER 17 


FILTERS AND MISCELLANEOUS EQUIPMENT— 
DESIGN AND COSTS 


FILTERS 


The primary factor in the design of filters is the cake resistance or cake 
nermeability. Because the value of the cake resistance can be determined 
only on the basis of experimental data, laboratory or pilot-plant tests are 
almost always necessary to supply the information needed for a filter de- 
sign. After the basic constants for the filter cake have been determined 
experimentally, the theoretical concepts of filtration can be used to estab- 
lish the effects of changes in operating variables such as filtering area, 
slurry concentration, or pressure-difference driving force. 

In recent years, there has been considerable advance in the development 
of filtration theory, but the development has not reached the stage where 
an engineer can design a filter directly from basic equations as he would a 
fractionation tower or a heat exchanger. Instead, the final design should 
be carried out by the technical personnel in filtration-equipment manufac- 
turing concerns or by someone who has access to the necessary testing 
equipment and has an extensive understanding of the limitations of the 
design equations. 

Choice of a filter for a particular operation depends on many factors. 
Some of the more important of these are: 

1. Fixed and operating costs 

2. Quantities and value of materials to be handled 

3. Properties of the fluid, such as viscosity, density, and corrosive nature 

4. Whether the valuable product is to be the solid, the fluid, or both 

5. Concentration, temperature, and pressure of slurry 

6. Particle size and shape, surface characteristics of the particles, and 
compressibility of the solid material 

7. Extent of washing necessary for the filter cake 

Although a wide variety of filters are available on the market, the types 
can generally be classified as batch or continuous. <A typical batch filter of 
the plate-and-frame type is illustrated in Fig. 17-1, while a continuous. 
rotary vacuum filter is shown in Figs. 17-2 and 17-3. 
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Fig. 17-1. Plate-and-frame filter press. (Shriver and Company.) 





Fig. 17-2. Rotary vacuum-drum filter complete with auxiliaries. (Himco Corporation.) 
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Fig. 17-3. Cross-sectional end view of rotary vacuum-drum filter. (EHimco Corporation.) 


There are many times when the engineer wishes to make a preliminary 
design without asking for immediate assistance from a specialist in the 
field. The theoretical equations presented in the following sections are 
adequate for this purpose. 


Design Equations 


The rate at which filtrate is obtained in a filtering operation is governed 
by the materials making up the slurry and the physical conditions of the 
operation. The major variables that affect the filtration rate are: 

1. Pressure drop across the cake and the filter medium 
. Area of the filtering surface 
. Viscosity of the filtrate 
. Resistance of the cake 
. Resistance of the filter medium 

The rate of filtrate delivery is inversely proportional to the combined 
resistance of the cake and filtering medium, inversely proportional to the 
viscosity of the filtrate, and directly proportional to the available filtering 
area and the pressure-difference driving force. This statement can be ex- 
pressed in equation form as 


ore W b 


dV A AP 


do (Rx + Rr)u ) 
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where V = volume of filtrate delivered in time 6 
A = area of the filtering surface 
AP = pressure drop across filter 
Rr = resistance of the cake 
Rr = resistance of the filter medium 
= viscosity of the filtrate 
Cake resistance Rx varies directly with the thickness of the cake, and 
the proportionality can be expressed as 


Rr = Cl (2) 


where C = the proportionality constant and | = the cake thickness at 
time 6. 

It is convenient to express Rp in terms of a fictitious cake thickness 
ly with resistance equal to that of the filter medium. Thus, 


Rr = Clr (3) 


Designating w as the pounds of dry-cake solids per unit volume of fil- 
trate, pe as the cake density expressed as pounds of dry-cake solids per 
unit volume of wet filter cake, and Vy as the fictitious volume of filtrate 
per unit of filtering area necessary to lay down a cake of thickness lp, the 
actual cake thickness plus the fictitious cake thickness is 

w(V + AVp) 


ay as a 4 
+ lp va (4) 


Equations (1) to (4) can be combined to give 


dV EEE 5) 
d0 aw(V + AVp)u 
where a equals C/p, and is known as the specific cake resistance. In the 
usual range of operating conditions, the value of the specific cake resistance 
can be related to the pressure difference by the empirical equation 


aaa {AP)* (6) 


where a’ is a constant with value dependent on the properties of the solid 
material and s is a constant known as the compressibility exponent of the 
cake. The value of s would be zero for a perfectly noncompressible cake 
and unity for a completely compressible cake. For commercial slurries, the 
value of s is usually between 0.1 and 0.8. 

The following general equation for rate of filtrate delivery is obtained by 
combining Eqs. (5) and (6): 


dV Aare 


ae re ee (7) 
dé a’w(V + AVr)u 
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This equation applies to the case of constant-rate filtration. For the more 
common case of constant-pressure-drop filtration, A, AP, s, a’, w, Vr, and 
u can all be assumed to be constant with change in V, and Eq. (7) can be 
integrated between the limits of zero and V to give 
2 l—s 
V? + 2AVerV Bp osevant 87 (8) 
Qa’ Wy 

Batch Filters. Equations (7) and (8) are directly applicable for use 
in the design of batch filters. The constants a’, s, and Vr must be evaluated 
experimentally, and the general equations can then be applied to condi- 
tions of varying A, AP, V, 6, w, and uw. One point of caution is necessary, 
however. In the usual situations, the constants are evaluated experimen- 
tally in a laboratory or pilot-plant filter. These constants may be used to 
scale up to a similar filter with perhaps 100 times the area of the experi- 
mental unit. To reduce scale-up errors, the constants should be obtained 
experimentally with the same slurry mixture, same filter aid, and approxi- 
mately the same pressure drop as are to be used in the final designed filter. 
Under these conditions, the values of a’ and s will apply adequately to the 
larger unit. Fortunately, Vp is usually small enough for changes in its 
value due to scale-up to have little effect on the final results. 

The following example illustrates the methods for determining the con- 
stants and applying them in the design of a large plate-and-frame filter. 


Example 1. Estimation of Filtering Area Required for a Plate-and-Frame Filtration 
Operation. A plate-and-frame filter press is to be used for removing the solid material 
from a slurry containing 5 lb of dry solids per cubic foot of solid-free liquid. The vis- 
cosity of the liquid is 1 centipoise, and the filter must deliver at least 400 cu ft of 
solid-free filtrate over a continuous operating time of 2 hr when the pressure-difference 
driving force over the filter unit is constant at 25 psi. On the basis of the following data 
obtained in a small plate-and-frame filter press, estimate the total area of filtering 
surface required. 

EXPERIMENTAL DATA: The following data were obtained in a plate-and-frame filter 
press with a total filtering area of 8 sq ft: 


-—_——————— Eee 


Time from start of filtration (@), hr, 








Total volume at constant pressure difference of 
of filtrate 
(V), cu ft 

AP = 20 psi| AP = 30 psi| AP = 40 psi 

5 0.34 O25 0.21 

8 0.85 0.64 0.52 

10 1.32 1.00 0.81 

12 1.90 1.43 eee 











a a 
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The slurry (with filter aid) was identical to that which was to be used in the large filter, 
The filtrate obtained was free of solid, and a negligible amount of liquid was retained 
in the cake. 


Solution 


An approximate solution could be obtained by interpolating for values of V at AP 
= 25 psi and then using two of these values to set up Eq. (8) in the form of two equa- 
tions involving only the two unknowns Vp and (AP)!~*/a’wy. By simultaneous solu- 
tion, the values of Vr and (AP)'~*/a’wy could be obtained. The final required area 
could then be determined directly from Eq. (8). Because this method puts too much 
reliance on the precision of individual experimental measurements, a more involved 
procedure using all the experimental data is recommended. 

The following method can be used to evaluate the constants Vp, s, and a’ in Eq. (8): 

Rearrange Eq. (8) to give 


@AP  a'wu(AP)*V 
=> OC if ) V AP 8 
V/A pawn ce VAAL) 





At constant AP a plot of @AP/(V/A) vs. V/A should give a straight line with a 
slope equal to a’wyu(AP)*/2 and an intercept at V/A = 0 of a’wuVp (AP)’. Figure 
17-4 presents a plot of this type based on the experimental data for this problem. Any 
time the same variable appears in both the ordinate and abscissa of a straight-line plot, 
an analysis for possible misinterpretation should be made. In this case, the values of 6 
and AP change sufficiently to make a plot of this type acceptable. 
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Fic 17-4. Plot for evaluation of constants for filtrate-rate equation in Example 1. 
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The following slopes and intercepts are obtained from Fig. 17-4: 





Slope = 


, 8 Intercept = 
wy (AP) 
AP, psf ometee a’wuV Rp (AP}* 
(hr) (Ib) /(ft*) (hr)(Ib) /eu ft 
20 X 144 2380 mH 
30 X 144 2680 Hi 
40 x 144 2920 nes 


Values of a’, s, and Vr could now be obtained by simultaneous solution with any 
three of the appropriate values presented in the preceding list. However, a better 
idea as to the reliability of the design constants is obtained by using the following 


procedure: 
Take the logarithm of the expressions for the slope and the intercept in Fig. 17-4. 


This gives 
aw 





log (slope) = s log AP + log 


log (intercept) = s log AP + log a’wuVp 


A log-log plot of the Fig. 17-4 slopes versus AP should give a straight line with a slope 
of s and an intercept at log (AP) = 0 of log (a’wu/2). In this way, s and a’ can be 
evaluated, and the consistency of the data can be checked. This plot is presented in 
Fig. 17-5. From the slope and intercept, 
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Fia. 17-5. Secondary plot for evaluation of constants for filtrate-rate equation in 
Example 1. 
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Similarly, a log-log plot of the Fig. 17-4 intercepts versus AP should give a straight 
line with a slope of s and an intercept at log (AP) = 0 of log (a’wuV F), from which Vp 
- could be evaluated. Because the value of Vy is relatively small, the intercepts read 
from Fig. 17-4 are not precise. The value of Vp, therefore, will be estimated from the 
combined results of Fig. 17-4 and 17-5. 


w = 5 |lb/cu ft 
yw = 2.42 lb/(hr)(ft) 
a! = ——_—__ = w | A 
(5) (2.42) ith units equivalent to @ units of hr?/Ib 


On the basis of the Fig. 17-4 intercept for the 30-psi line, 


7 80 7 80 
~ a@’wu(AP)* — (36)(5)(2.42)(30 & 144)°3 


= 0.015 cu ft/sq ft 


Substitution of the constants into Eq. (8) gives the final equation for use in evaluat- 
ing the total filtering area needed for the large filter: 


2A2 (AP) 


2 = 
V* + 0.03AV 36up 
For the conditions of this problem, 
V = 400 cu ft 
AP = 25 X 144 psf 

w = 5 |lb/cu ft 

p = 2.42 Ib/(hr)(ft) 

§=2hr 


Substituting the indicated values gives 


_ 24205 x 14H") 
(400)" ++ (0.03)(400)A = 35 (5)(2.42) 


Solving for A, 
A = 240 sq ft 


The total area of filtering surface required is approximately 240 sq ft. 


Continuous Filters. Many types of continuous filters, such as rotary- 
drum or rotary-disk filters, are employed in industrial operations. Develop- 
ment of the general design equations for these units follows the same line 
of reasoning as that presented in the development of Eq. (8). The following 
analysis is based on the design variables for a typical rotary vacuum filter 
of the type shown in Figs. 17-2 and 17-3. 

It is convenient to develop the design equations in terms of the total 
area available for filtering service, even though only a fraction of this area 
is in direct use at any instant. Designate the total available area as Ap 
and the fraction of this area immersed in the slurry as ¥;. The effective 
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area of the filtering surface then becomes Apy;, and Eq. (1) can be ex- 
pressed in the following form: 


dV Ap; AP 
do (Re + Rr)u 
According to Eqs. (2) and (3), 
Rx + Rp = C+ Ip) (10) 


With a continuous filter, the cake thickness at any given location on the 
submerged filtering surface does not vary with time. The thickness, how- 
ever, does vary with location as the cake builds up on the filtering surface 
during passage through the slurry. The thickness of the cake leaving the 
filtering zone is a function of the slurry concentration, cake density, and 
volume of filtrate delivered per revolution. This thickness can be ex- 
pressed by the following equation: 


(9) 


=. 
wVR 


(11) 





he vin ering zone — 

leaving filt g abe 
where Vp = volume of filtrate delivered per revolution and p, = cake 
density as pounds of dry-cake solids per unit volume of wet filter cake 
leaving filter zone. 

An average cake thickness during the cake-deposition period can be as- 
sumed to be one-half the sum of the thicknesses at the entrance and exit 
of the filtering zone. Since no appreciable amount of cake should be pres- 
ent on the filter when it enters the filtering zone, 


W Vr 


a 12 
2p-Ap 


avg 


By using the same procedure as was followed in the development of 
Eq. (4), 
w(VR/2 + Ap; V 
ee teh R pv; Vr) (13) 
peAp 





Combination of Eqs. (9), (10), and (13), with a = C/p,, gives 





dV 2An*v; AP 
= 14 
dé aw() R + 2Apy;Vir)p \ 
Integration of Eq. (14) between the limits of V = 0 and V = Vr, and 


6 = O and @ = 1/Npr, where Nz is the number of revolutions per unit time, 
gives 
ais bath 2Ap*y; AP 
Vet 24 Vel See (15) 
awuNp 
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or, by including Eq. (6), 


mee 2Ap*W; (AP)!—* 
Vero + 2ApyyVerVe = ox aad hit (16) 
a’ wuNrR 


The constants in the preceding equations can be evaluated by a pro- 
cedure similar to that described in Example 1. Equation (16) is often 
used in the following simplified forms, which are based on the assumptions 
that the resistance of the filter medium is negligible and the filter cake is 
noncompressible: 


2 
Volume of filtrate per revolution = Ve = Ap rid tagate (17) 
awuNp 


Qy,Np AP 
Volume of filtrate per unit time = VpNr = Ap y RAEN Sey (18) 
aw 
ate 2y;NRw 
Weight of dry cake per unit time = VeNrew = Ap va RDS (19) 
Oe 


Example 2. Effect of Pressure Difference on Capacity of a Rotary Vacuum Filter. 
A rotary vacuum filter with negligible filter-medium resistance delivers 100 cu ft of 
filtrate per hour when a given CaCO3-H2O mixture is filtered under known conditions. 
How many cubic feet of filtrate will be delivered per hour if the pressure drop over the 
cake is doubled, all other conditions remaining constant? Assume the CaCOz filter 
cake is noncompressible. 


Solution 


Equation (18) applies for this case: 


QW/,N 
100 = BaN vs RAS AP, (A) 


awye 





QW /,N 
Unknown filtrate rate = Ap a Ary (B) 


Dividing Eq. (B) by Eq. (A), 
Unknown filtrate rate = 100 1/2 = 141 cfh 


Air Suction Rate in Rotary Vacuum Filters. A vacuum pump must be 
supplied for the operation of a rotary vacuum filter, and the design engineer 
may need to estimate the size of pump and power requirement for a given 
filtration unit. Because air leakage into the vacuum system may supply 
a major amount of the air that passes through the pump, design methods 
for predicting air suction rates must be considered as approximate since 
they do not account for air leakage. 
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The rate at which air is sucked through the dewatering section of a 
rotary vacuum filter can be expressed in a form similar to Eq. (9) as 


dVa Apa AP 
do = (Ry + Rx) ba 


where V, = volume of air at temperature and pressure of surroundings 
sucked through cake in time @ 

¥v. = fraction of total surface available for air suction 
Ua = viscosity of air at temperature and pressure of surroundings 
The cake resistance Rx is directly proportional to the cake thickness 1, 
and the filter-medium resistance Rp can be assumed to be directly propor- 
tional to a fictitious cake thickness ly. Designating C’ as the proportional- 
ity constant, 


(20) 





Rx + Rp = C'(l+ lp) (21) 


If the cake is noncompressible, 1 must be equal to the thickness of the 
cake leaving the filtermg zone. Therefore, by Eq. (11) and using the same 
procedure as was followed in the development of Eq. (4), 

w(Vr + Apa pr) 
eee ee wVe + AdvaVr) (22) 
peAp 
where Vp is the fictitious volume of filtrate per unit of air-suction area 
necessary to lay down a cake of thickness Ip. 
Combination of Eqs. (20) to (22) gives 


aVG Ap*_ AP 
dé Bw(VeR ak ApWaV r) Ma 





(23) 


where 6 equals C’/p, and is known as the specific air-suction cake resistance. 
Integration of Eq. (23) between the limits corresponding to V, = 0 and 
Va = Var, where Var designates the volume of air per revolution, gives 


ApWa 7 


= $$ 24 
Bw(Vre a ApWa Vi)uaNrR 


Var 


If the cake is compressible, a rough correction for variation in 8 with 
change in AP can be made by use of the following empirical equation: 


B = B’ (AP)* (24a) 


where @’ and s’ are constants. 
By neglecting the resistance of the filter medium, Kq. (24) can be sim- 


plified to - 
Volume of air per revolution = Vap = eens (25) 
BwVruaNr 
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2 
Volume of air per unit time = VzrNr = still Beal (26) 


BwV Rua 
Equations (17), (19), and (26) can be combined to give 


. A a 
Volume of air per unit time = Be fl Ae (27) 
Bua 2wyy 


Volume of air per unit time Ya wb a 


Weight of dry cake per unit time - vy a 26w Se 





If the constants in the preceding equations are known for a given filter 
system and the assumption of no air leakage is adequate, the total amount 
of suction air can be estimated. This value, combined with a knowledge 
of the air temperature and the pressures at the intake and delivery sides 
of the vacuum pump can be used to estimate the power requirements of 
the vacuum pump by the methods described in Chap. 14. 


Example 3. Estimation of Horsepower Motor Required for Vacuum Pump on a 
Rotary Vacuum Filter. A rotary vacuum-drum filter is to handle a slurry containing 
20 lb of water per 1 lb of solid material. Tests on the unit at the conditions to be used 
for the filtration have shown that the dimensionless ratio of a/8 is 0.6 and 19 lb of fil- 
trate (not including wash water) is obtained for each 21 lb of slurry. The temperature 
of the surroundings and of the slurry is 70°F, and the pressure of the surroundings is 
1 atm. The pressure drop to be maintained by the vacuum pump is 5 psi. The frac- 
tion of the drum area submerged in the slurry is 0.3, and the fraction of the drum area 
available for air suction is 0.1. On the basis of the following assumptions, estimate 
the horsepower of the motor necessary for the vacuum pump if the unit handles 50,000 
lb of slurry per hour. 

Assumptions: 


Resistance of filter medium is negligible. 

Any effects caused by air leakage are taken into account in the value given for «/8. 

For air at the temperature involved, heat capacity at constant pressure divided by 
heat capacity at constant volume is 1.4. 

The vacuum pump and motor have an over-all efficiency of 50 per cent based on an 
isentropic compression. 

The value of B is based on the temperature and pressure of the air surrounding the 
filter. 

The filter removes all of the solid from the slurry. 


Solution 
Because the value given for a/8 applies at the operating conditions for the filtration 
and the resistance of the filter medium is negligible, Eq. (28) can be used: 


Volume of air per unit time Ya hb a 


Weight of dry cake per unit time ¥ Vf Ma 2Bw 





va = 0.1 


y= 0.3 


yw = viscosity of water at 70°F = 0.982 centipoise = 0.982 X 2.42 Ib/(hr)(ft) 
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ua = Viscosity of air at 70°F = 0.018 centipoise = 0.018 * 2.42 lb /(hr) (ft) 


“ = 0.6 

B 

Density of water at 70°F = 62.3 Ib/cu ft 

Pounds filtrate per pound of dry-cake solids = 19 


Weight of dry cake/hr = (50,000)(121) = 2380 lb/hr 


(2380)(0.1)(G.982 X 2.42)(0.6) ( 
f ‘ = = 3960 cfh at 70°F and 1 atm 
Volume of air/hr = (9 30.018 x 2.42)(2 X 3.28) 


By Eq. (26) in Chap. 14, 





Theoretical horsepower for isentropic single-stage compression 


3.03 X 10k {Epa 
oe ge Eidivat hos —1 
k AEs i] 19/ 1 P, 


k = ratio of heat capacity of gas at constant pressure to heat capacity of gas at con- 
stant volume = 1.4 
P, = vacuum-pump intake pressure = (14.7 — 5)(144) psf 
P, = vacuum-pump. delivery pressure = (14.7)(144) psf 
dim, = cubic feet of gas per minute at vacuum-pump intake conditions 
(3960) (14.7)(144) 


~ (60)(14.7 — 5)(144) 





= 100 cfm at 70°C and 9.7 psia 


Horsepower of motor required for vacuum pump 





_ (8.03 x 10-9)(1.4)(14.7 — 5)(144)(100) (Cay : 1 
Dea (0.5)(1.4 — 1) 9.7 
= 3.7 hp 


A 4-hp motor would be satisfactory. 


COST DATA * 


Information for making rough estimates of the cost for filters, centrifugal 
separators, mixers, and reactor tanks is presented in Figs. 17-6 through 
17-10. 


*R.S. Aries and R. D. Newton, ‘Chemical Engineering Cost Estimation,’ McGraw- 
Hill Book Company, Inc., New York, 1955. 

H. Bliss, Chem. Eng., 54(5):126, 54(6):100 (1947). 

C. H. Chilton, Chem. Eng., 56(6):97 (1949). 

T. Shriver and Company, ‘Shriver Filter Presses,” Catalogue 55, Harrison, N.J., 
1955. 

O. T. Zimmerman and I. Lavine, “Chemical Engineering Costs,” Industrial Re- 
search Service, Dover, N.H., 1950. 

J.C. Smith, Chem. Eng., 59(4):140 (1952). 

J. L. Diltz, Chem. Eng. Costs Quarterly, 6:42 (1956). 

G. KE. Lewis, Chem. Eng., 60(1):191 (1953). 


FILTERS AND MISCELLANEOUS EQUIPMEN'I—DESIGN AND costs 437 


Purchased cost, $/sq ft of filtering area 





Area per filter chamber 
hk Plate size, Filtering area, 


BS Z 
een eee 
pe 











10 20 40 60 {00 200 400 600 {000 


Fic. 17-6. 


Total filtering area, sq ft 


Multiplication factors 
(Based on cast-iron plate-and-frame filter presses) 


Multipliers 
Recessed-plate fi/ter press.----- 085 
Material of construction: 
AUOIRIG 0A eee ere eee 1.4 
igh FS et REE oy 25 
LEC Ci seeere oe Se ee 28 
Rubber -covered cast iron..--.3.9 
Stainless (/8-8) steel___-_---- 6.0 
Cost of cast-iron plate-and-frame filter presses with 1-in. chambers, 
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Purchased cost, $/sq ft of filtering oreo 





{00 200 300 400 600 800 1000 
Total filtering area, sq ft 


Fig. 17-7. Cost of vacuum filters (steel) not including auxiliaries, 


at 


Fa 
Jan. 1957 
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Basket diameter, ft 
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Purchased cost, dollars 


3000 





15 a 


Fic. 17-8. Cost of top-suspended batch centrifugal separators, 
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Purchased cost, dollars 





Purchased cost, dollars 








AN\ | 
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Driver horsepower 


Fic. 17-9. Cost of propeller mixers. 


Stainless stee/ 
300 psi 








60 100 200 400 600 1000 


Capacity, gallons 


Fia. 17-10. Cost of agitated, jacketed reactor tanks. 
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NOMENCLATURE FOR CHAP. 17 


area of filtering surface, sq ft 

total available surface for filtration on continuous filter, sq ft 

a proportionality constant relating cake thickness to resistance to liquid passage 
a proportionality constant relating cake thickness to resistance to air passage 
ratio of heat capacity of gas at constant pressure to heat capacity of gas at 
constant volume j 

cake thickness at time 0, ft 

fictitious cake thickness for liquid flow with resistance equal to that of filter 
medium, ft 

fictitious cake thickness for air flow with resistance equal to that of filter 
medium, ft 

number of revolutions per unit time, revolutions/hr 

total pressure; AP means pressure-difference driving force across filter; P; means 
vacuum-pump intake pressure; Pz means vacuum-pump delivery pressure, pst 
cubic feet of gas flowing per minute at vacuum-pump intake conditions, cfm 
resistance of filier medium to passage of liquid 

resistance of filter medium to passage of air 

resistance of filter cake to passage of liquid 

resistance of filter cake to passage of air 

compressibility exponent of filter cake, defined by Eq. (6) 

a constant, defined by Eq. (24a) 

volume of filtrate delivered in time 6, cu ft 

volume of air at temperature and pressure of surroundings sucked through filter 
cake in time 6, cu ft 

volume of air sucked through filter cake per revolution, cu ft/revolution 
fictitious volume of filtrate per unit of filtering area necessary to lay down a 
cake of thickness lp, cu ft/sq ft 

fictitious volume of filtrate per unit of air-suction area necessary to lay down a 
cake of thickness l,, cu ft/sq ft 

volume of filtrate delivered per revolution, cu ft/revolution 

weight of dry-cake solids per unit volume of filtrate, Ib/cu ft 


Greek Symbols 


alpha, specific cake resistance, hr?/Ib 

a constant, defined by Eq. (6) 

beta, specific air-suction cake resistance, hr?/Ib 
a constant, defined by Eq. (24a) 

delta, difference 


= theta, time, hr 


mu, absolute viscosity of filtrate, Ib/(hr)(ft) 

absolute viscosity of air at temperature and pressure of surroundings, lb/(hr)(ft) 
rho, cake density as weight of dry-cake solids per unit volume of wet filter cake 
Ib/cu ft 
psi, fraction of total surface area available for air suction 

fraction of total available surface for filtration immersed in slurry 


FILTERS AND MISCELLANEOUS EQUIPMENT—DESIGN AND Costs 44] 


PROBLEMS 


1. Filtration tests with a given slurry have indicated that the specific cake resistance 
a is 157 hr?/Ib. The fluid viscosity is 2.5 Ib/(hr)(ft), and 3 Ib of dry cake is formed 
per cubic foot of filtrate. The cake may be assumed to be noncompressible, and the 
resistance of the filter medium may be neglected. If the unit is operated at a constant 
pressure drop of 5 psi, what is the total filtering area required to deliver 30 cu ft of 
filtrate in 14 hr? 

2. A rotary filter with a total filtering area of 8 sq ft has been found to deliver 10 
cu ft of filtrate per minute when operating at the following conditions: 


Fraction of filtering area submerged in the slurry = 0.2 
rpm = 2 
Pressure drop = 20 psi 


Another rotary filter is to be designed to handle the same slurry mixture. This unit 
will deliver 100 cu ft of filtrate per minute and will operate at a pressure drop of 15 
psi and a revolving speed of 1.5 rpm. If the fraction of filtering area submerged in 
the slurry is 0.2, estimate the total filtering area required for the new unit. In both 
cases, it may be assumed that no solids pass through the filter cloth, the cake is non- 
compressible, and the resistance of the filtering medium is negligible. 

3. A plate-and-frame filter press is used to filter a known slurry mixture. At a con- 
stant pressure drop of 10 psi, 50 cu ft of filtrate is delivered in 10 min, starting with a 
clean filter. In a second run with the same slurry and filter press, 40 cu ft of filtrate is 
obtained in 9 min when the pressure drop is 6 psi, starting with a clean filter. What is the 
compressibility exponent for the cake if the resistance of the filter medium is negligible? 

4. A slurry containing 1 |b of filterable solids per 10 Ib of liquid is being filtered with 
a plate-and-frame filter press having a total filtering area of 250 sq ft. This unit de- 
livers 10,000 Ib of filtrate during the first 2 hr of filtration, starting with a clean unit 
and maintaining a constant pressure drop of 10 psi. The resistance of the filter medium 
is negligible. The time required for washing and dumping is 3 hr/cycle. The pres- 
sure drop cannot exceed 10 psi, and the unit is always operated at constant pressure 
drop. 

The filter press is to be replaced by a rotary vacuum-drum filter with negligible 
filter-medium resistance. This rotary filter can deliver the filtrate at a rate of 1000 
lb/hr when the drum speed is 0.3 rpm. Assuming the fraction submerged and the 
pressure drop are unchanged, what drum speed in rpm is necessary to make the amount 
of filtrate delivered in 24 hr from the rotary filter exactly equal to the maximum amount 
of filtrate obtainable per 24 hr from the plate-and-frame filter? 

5. A plate-and-frame filter press with negligible filter-medium resistance is being 
used to filter a water slurry of constant composition. Experimental tests show that, 
during 3 hr of continuous operation, 300 cu ft of filtrate is delivered when the pressure 
drop is 20 psi and 150 cu ft of filtrate is delivered when the pressure drop is 5 psi. The 
unit is to be operated at a constant pressure drop of 15 psi during filtration and wash- 
ing. The cake will be washed with 10 cu ft of water at the end of 2 hr of continuous 
filtration. If reverse thorough washing (i.e., wash rate = 14 of final filtrate delivery 
rate) is used, estimate the time required for washing. 

6. A slurry is filtered, and the filter cake is washed by use of a plate-and-frame filter 
press operated at a constant pressure drop of 40 psi throughout the entire run. Ex- 


perimental tests have been carried out on this equipment, and the results for the slurry 


442 PLANT DESIGN AND ECONOMICS FOR CHEMICAL ENGINEERS 


mixture used can be expressed as follows for any one pressure drop: 


/ Mid : iad ls 
6AP =k (=) +k m1 
where k’ and k’’ are constants. At a pressure drop of 40 psi, 0.02 lb of filtrate is col- 
lected in 1.8 min for each square inch of cloth area, and 0.08 lb of filtrate per square 
inch of cloth area is collected in 22.2 min. Calculate the time required to filter and 
wash the cake formed when 0.11 |b of filtrate has been collected per square inch of cloth 
area if an amount of wash water equal to half the filtrate is used. The specific gravities 
of the filtrate and wash water are 1.0, and both are at the same temperature. Simple 
forward washing is used so that the washing rate is equal to the filtrate delivery rate 
at the end of the filtration. 

7. The design of a cast-iron plate-and-frame filter press has indicated that a unit 
with a total filtering area of 100 sq ft and 1-in. chambers is needed. On the basis of 
the information presented in Fig. 17-6, estimate the number of chambers in the press 
with the minimum purchased cost. 
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MAJOR PROBLEMS * 


PROBLEM 1. PLANT FOR SOLVENT RENDERING OF RAW TISSUES 


MEMORANDUM 
Os Assistant Design Engineer 
FROM: A. B. White, Head 

Process Development Division 


You are to prepare a complete preliminary-estimate design for a new plant for the 
solvent rendering of raw tissues by an extraction process. Some pieces of equipment 
are now on hand which we believe can be used in the new plant. Please submit a com- 
plete report on the design which you feel will be most favorable for our company. We 
are particularly interested in total investment, yearly profit before taxes, and the prob- 
able per cent return on the investment. We shall be interested in the reason for your 
particular choice of solvent. The design report should also include the number of oper- 
ators necessary and the approximate operating procedure. 

We are considering expansion of our present plant to include an extraction process 
for treating 50 tons of raw fish per day. The average analysis of the fish as received 
by our plant is as follows: 

% by weight 


NN eld Oty aga kee ee foe Sees ee ee 70 
Soluplergisseer seo eee eee aae 10 
Tnsolubles® $30 6s ss eee eee eae 20 


The general process has been described in some detail in the literature and in patents 
(see references at end of problem); however, our proposed method is presented roughly 
in the following: 


The General Process 


The process is to be carried out at a sufficiently low temperature for the biological 
substances to remain essentially unchanged, except for the removal of oil and water. 
The top temperature limit for the insoluble materials and the oils is 90°C. 

The raw fish as received are ground and delivered to a slurry tank where the pulped 

aterial is agitated. The slurry is then sent to cookers where the oil is extracted by a 
suitable solvent and the water is evaporated along with the solvent. The evolved va- 
pors are condensed, and the solvent and the water are separated by decanting. 

The liquid-and-solid mixture from the batch cookers is filtered, and the solid is de- 
solventized to give a fish-meal product. 

The filtrate, containing solvent and dissolved fish oil, is sent to a steam-jacketed 
kettle where the oil is recovered by distilling off the solvent. The oils are finally passed 
through a steam stripper where the final traces of solvent are removed and the oil is 
deodorized. The fish-oil product is obtained from the bottom of the steam stripper. 

A general flow diagram is included with this problem (Fig. A-1), but this diagram 
does not show any of the details. 


* Time period of 30 days recommended for individual student solution. 
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Fig. A-1. Suggested rough flow diagram showing extraction process for fish-oil recov- 
ery. (Details are not included, and changes may be necessary.) 


Solvents. The following solvents should be considered for possible use: trichloroethyl- 
ene, ethylene dichloride, perchloroethylene, and carbon tetrachloride. The solvents 
may be purchased in tank-car lots since storage space is available. 

Special Conditions. To ensure adequate water removal, the cooker must be operated 
for 4% hr at the boiling temperature of the pure solvent. 

The final dry fish meal may not contain more than 1 per cent oil by weight. 

The weight ratio of solvent to insolubles at the end of each cooker batch must be 
3:1. The fish-meal filter cake must be washed with a weight of solvent at least equal 
to the weight of the dry fish meal in order to ensure adequate oil removal. 

The mixture in the slurry tank contains 50 wt % solvent and 50 wt % fish. 

Cooling water is available at 15°C. 

The solid material remaining after filtration contains 1.0 lb of solvent per pound 
of dry fish meal. 

Tanks larger than 9 ft in diameter or 11 ft high cannot be used under the plant con- 
ditions. 

The steam pressure in the plant is 30 psig. 

Superheated solvent vapor may be used to provide additional heat for the cooker. 

Assumptions and Data. The effective molecular weight of the oil may be assumed to 
be 150. The vapor pressure of the oil is negligible under the conditions of the process. 

Heat capacities and specific volumes for individual components making up the mix- 
tures may be considered as additive. The following values apply between 20 and 
100°C: 

Cp of insolubles = 0.2 Btu/ (Ib) (°F) 
Cp of oil = 0.3 Btu/ (Ib) (°F) 

sp gr of oil = 0.7 

Equivalent sp gr of insolubles = 0.8 
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The only source of solvent loss is from the waste water discarded from the water still 
The liquid leaving all condensers is 5°C below the boiling point. a 
The temperature of the slurry entering the cookers is 25°C. 

The temperature of the liquid entering the Miscella stills is 30°C. 

The liquid enters the steam stripper at the same temperature it had leaving the Mis- 
cella still. 

The desolventized fish meal contains no solvent. 

The total fixed-capital investment for the installed equipment may be obtained by 
multiplying the cost of all the primary and accessory equipment by 4. This factor 
takes care of construction costs and all other fixed costs such as piping, valves, instru- 
mentation, new buildings, ete. (This, of course, does not include the oniuinal solvent 
cost or any raw materials.) 

Over-all heat-transfer coefficient in all condensers = 150 Btu/(hr)(sq ft) (°F). 

Over-all heat-transfer coefficient in cookers and in Miscella stills = 100 Btu/(hr) 
(sq ft)(°F) (applies for walls or tubes). 

Coils may not be used in the cookers. 

The liquid leaving the Miscella still may be assumed to contain 8 per cent solvent 
by weight. 

The steam stripper is steam-jacketed, and the oil must leave the bottom at a tem- 
perature less than 100°C. In order to ensure complete removal of the solvent from the 
oil and to deodorize the oil, use excess steam amounting to 30 per cent of the weight of 
the oil. 

No agitators are necessary in the cookers or Miscella tanks, because the boiling sup- 
plies sufficient agitation. 

The total amount of steam theoretically necessary for the process should be increased 
by 20 per cent to take care of unaccounted-for heat losses. 

The plant operates 300 days per year. 

Equipment. The following equipment is now available at the plant: 


Fish-pulverizing mill 

All necessary storage tanks and receiving tanks 
The slurry tank complete with agitator 

Batch filter and meal desolventizer 

Decanter still 

Water still 

Vacuum ejectors (valued at $1000) 

Waste filter 

Steam stripper 

Vent condenser and carbon adsorber 


These pieces of equipment are not instalied. Preliminary estimates have indicated 
that all of these pieces of equipment have adequate capacity for the present design. 
They are valued at a total of $60,000. For the purpose of your cost estimates, you 
may assume the $60,000 will cover the cost of the listed equipment. However, your 
design should include complete specifications for all the equipment necessary for the 
new plant. In this way, we will be able to have a final check to show us if the present 
equipment on hand is satisfactory. 

It will be necessary to purchase the cookers, the Miscella stills, the condensers and 
the heaters for these pieces of equipment, and all pumps. 

Costs. The necessary working-capital investment which must be kept on hand for 
the new plant is estimated to be $30,000. 

Annual fixed charges = 25 per cent of total investment. 
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Annual direct production costs for this process (with the exception of raw material 
and steam costs) plus costs for plant overhead, administration, office help, distribution, 
and contingencies are $100,000 per year. This $100,000 includes the cost of operating 
any vacuum equipment and is unchanged even if vacuum is not used in the process. 

Tanks. Suitable for cookers or Miscella stills (diameter less than 9 ft): 





Cost for one 1000-gal tank 





Material 
Without steam jacket | With steam jacket 
Carbon steel......... $1100 $2000 
Stainless steel........ 3000 4200 





The tanks are available in standard sizes of (in gallons) 100, 200, 300, 500, 750, 1000, 
1500, 2000, 5000, 10,000. 

Assume that the cost of each standard tank varies as (volume). 

If heating coils are to be inserted in a tank, increase the cost of the tank by 10 per 
cent and by 10 times the cost of the pipe or tubing making up the coil. (This is an ap- 
proximation to take care of extra costs for fabrication, special materials, ete. It ap- 
plies only to a reasonable length of coil.) 

Heat Exchangers. Shell-and-tube type (for condensers and heaters): 


Dollars per sq ft of tube surface 
(pressures from 25 psig to 0 in. Hg) 














EE Square feet 
50 100 200 300 500 1000 
Carboni scee lee ers ce oie Lee 13 10 8 6 5 
Stainless Steelae. see ee ee ee 30 28 | 17 14 iN 











Steam Cost. $0.50/1000 Ib. 


Materials 
Cost of raw fish (delivered at plant) = $32.00/ton 
Selling price for fish meal of plant-product grade = $0.08/Ib 
Selling price for fish oil of plant-product grade = $0.13/Ib 
References 
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PROBLEM 2. PENTAERYTHRITOL PLANT 


You are a design engineer with the ABC Chemical Company, located at Wilmington, 
Del. Mr. Charles B. King, Supervisor of the Process Development Division, has 
asked you to prepare a preliminary design of a new plant that will produce penta- 
erythritol. 

The following memo has been given to you by Mr. King: 


Dear Sir: 

We are considering construction of a pentaerythritol plant at Louisiana, Missouri. 
At the present time, we have an anhydrous ammonia plant located at Louisiana, Mis- 
souri, and we own sufficient land at this site to permit a large expansion. 

As yet, we have not decided on the final plant capacity, but we are now considering 
construction of a small plant with a capacity of 60 tons of technical grade pentaerythri- 
tol per month. Any work you do on the design of this plant should be based on this 
capacity. 

Sufficient water, power, and steam facilities for the new plant are now available at 
the proposed plant site. Some stand-by equipment is located at our existing plant in 
Louisiana, and we may be able to use some of this in the pentaerythritol plant. How- 
ever, you are to assume that all equipment must be purchased new. 

Please prepare a preliminary design for the proposed plant. This design will be sur- 
veyed by the Process Development Division and used as a basis for further decisions 
on the proposed plant. Make your report as complete as possible, including a detailed 
description of your recommended process, specifications and cost estimates for the dif- 
ferent pieces of equipment, total capital investment, and estimated return on the in- 
vestment assuming we can sell all our product at the prevailing market price. We 
shall also be interested in receiving an outline of the type and amount of labor required, 
the operating procedure, and analytical procedures necessary. 

Present what you consider to be the best design. Although our legal department 
will conduct a patent survey to determine if any infringements are involved, it would 
be helpful if you would indicate it if you know that any part of your design might in- 
volve patent infringements. 

Enclosed you will find information on our utilities situation, amortization policy, 
labor standards, and other data. 

C. B. King, Supervisor 
Process Development Division 
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Enclosure: Information for Use in Design of Proposed Pentaerythritol Plant 


Utilities. Water—available for pumping at 65°F; cost, $0.05 per 1000 gal. Steam 
—available at 100 psig; cost, $0.50 per 1000 lb. Electricity—cost, $0.01 per kwhr. 

Storage. No extra storage space is now available. 

Transportation Facilities. A railroad spur is now available at the plant site. 

Labor. Chief operators, $2.20 per hour; all helpers and other labor, $1.40 per hour. 

Amortization. Amortize in 10 years. 

Return on Investment. For design calculations, we require at least a 20 per cent re- 
turn before income taxes on any unnecessary investment. 

Income Taxes. The income-tax load for our company amounts to 46 per cent of all 
profits. 

Raw-materials Costs. All raw materials must be purchased at prevailing market 
prices. 

Heats of Reaction. With sodium hydroxide as the catalyst, 64,000 Btu is released 
per pound mole of acetaldehyde reacted. With calcium hydroxide as the catalyst, 
60,000 Btu is released per pound mole of acetaldehyde reacted. 

Heat-transfer Coefficients. Steam to reactor liquid, 200 Btu/(hr)(sq ft)(°F). Water 
to reactor liquid, 150 Btu/(hr)(sq ft) (°F). 

Suggested References. Organic and process-industries books such as W. L. Faith, 
D. B. Keyes, and R. L. Clark, “Industrial Chemicals,” John Wiley & Sons, Inc., New 
York, 1950; W. D. Morrison, Chem. Eng. News, 31:659 (1953); M.S. Peters and J. A. 
Quinn, Ind. Eng. Chem., 47:1710 (1955); U.S. Patents and Industrial Bulletins. 





PROBLEM 3. FORMALDEHYDE PLANT 


Illinois Chemical Process Corporation 
Plant Development Division 
Urbana, Illinois 


Gentlemen: 


We are considering entering the field of production of formaldehyde, and we should 
like to have you submit a complete preliminary design for a 70-ton-per-day formalde- 
hyde plant (based on 37 wt % formaldehyde) to us. 

We have adequate land available for the construction of the plant at Centralia, Ili- 
nois, and sufficient water and steam are available for a plant of the desired capacity. 
Please make your report as complete as possible, including a detailed description of 
your recommended process, specifications and cost estimates for the different pieces of 
equipment, total capital investment, and estimated return on the investment assuming 
we can sell all our production at the prevailing market price. We shall also be inter- 
ested in receiving an outline of the amount and type of labor required, the operating 
procedure, and analytical procedures necessary. 

Enclosed you will find information concerning our utilities situation, amortization 
policy, labor standards, product specification, ete. 


Very truly yours, 


A. B. Blank 

Technical Superintendent 
ABB: jf Centralia Chemical Company 
Enclosure Centralia, Illinois 
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Enclosure 


Utilities. Water—available for pumping at 70°F; cost, $0.05 per 1000 gal. Steam— 
available at 200 psig; cost, $0.40 per 1000 lb. Electricity—cost, $0.01 per kwhr. 

Storage. No extra storage space is now available. 

Transportation Facilities. A railroad spur is now available at the plant site. 

Land. The plant site is on land we own which is now of no use to us. Therefore, 
do not include the cost of the land in your analysis. 

Labor. Chief operators, $1.90 per hour; all helpers and other labor, $1.40 per hour. 

Amortization. Amortize in 10 years. 

Return on Investment. For design comparison, we require at least a 15 per cent re- 
turn per year on any unnecessary investment. 

Product Specification. All formaldehyde will be sold as N.F. solution containing 
37.0 wt % formaldehyde and 8 wt % methanol. All sales may be considered to be 
by tank car. 

Suggested References. J. F. Walker, “Formaldehyde,” 2d ed., Reinhold Publishing 
Corporation, New York, 1953; R. N. Hader, R. D. Wallace, and R. W. McKinney, 
Formaldehyde from Methanol, Ind. Eng. Chem., 44:1508 (1952); T. R. Olive, Durez 
Synthesizes Formaldehyde, Chem. Eng., 56(2):130, 146 (1949); Quarterly Chemical 
Price Report, Chem. Eng. News. 
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PROBLEM 1. OPTIMUM TEMPERATURE FOR SULFUR DIOXIDE 
REACTOR 


The head of your design group has asked you to prepare a report dealing with the 
use of a special catalyst for oxidizing SO, to SO3. This catalyst has shown excellent 
activity at low temperatures, and it is possible that it may permit you to get good SOs 
yields by using only one standard-size reactor instead of the conventional two. 

Your report will be circulated among the other members of your design group and 
will be discussed at the group meetings. This report is to be submitted to the head 
of your design group. 

Some general remarks concerning your report follow: 


A. The report should include the following: 
1. Letter of transmittal (the letter to the head of your group telling him you are 
submitting the report and giving any essential results if applicable) 
. Title page 
. Table of contents 
. Summary (a concise presentation of the results) 
. Body of report 

a. Introduction (a brief discussion to explain what the report is about and rea- 
son for the report; no results should be included here) 

b. Discussion (outline of method of attack on the problem; do not include any 
detailed calculations; this should bring out technical matters not important 
enough to be included in the Summary; indicate assumptions and reasons; 
include any literature survey results of importance; indicate possible sources 
of error, etc.) 

c. Final recommended conditions (or design if applicable) with appropriate data 
(a drawing is not necessary in this case although one could be included if desired) 
6. Appendix 

a. Sample calculations (clearly presented and explained) 
b. Table of nomenclature (if necessary) 
c. Bibliography (if necessary) 
d. Data employed 
B. The outline as presented above can be changed if desired (for example, a section on 
conclusions and recommendations might be included) 
C. The report can be made more effective by appropriate subheadings under the major 
divisions 


oo & Ww bo 


The Problem 


A new reactor has recently been purchased as a part of a contact sulfuric acid unit. 
This reactor is used for oxidizing SO» to SO3 employing a vanadium oxide catalyst. 

Using the following information and data, determine the temperature at which the 
reactor should be operated to give the maximum conversion of SO2 to SOz, and indicate 


Time period of 14 days recommended for individual student solution. 
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the value (as per cent) of this maximum conversion. Ten thousand pounds of SO» 
enters the reactor per day. 

Air is used for the SO: oxidation, and it has been decided to use 300 per cent excess 
air. Preheaters will permit the air and SO, to be heated to any desired temperature, 
and cooling coils in the reactor will maintain a constant temperature in the reactor. 
The reactor temperature and the entering air-and-SO» temperature will be the same. 
The operating pressure may be assumed to be 1 atm. 

The inside dimensions of the reactor are 5 by 5 by 8 ft. One-half of the inside reac- 
tor volume is occupied by the catalyst. 

Your laboratory has tested a special type of vanadium oxide catalyst, and, on their 
recommendation, you have decided to use it in the reactor. This catalyst has a void 
fraction of 60 per cent (i.e., free space in catalyst/total volume of catalyst = 0.6). 

The reaction 2802 + O2 — 2503 proceeds at a negligible rate except in the presence 
of a catalyst. 

Your laboratory has run careful tests on the catalyst. The results indicate that the 
reaction is not third-order but is a complex function of the concentrations. Your labo- 
ratory reports that the reaction rate is proportional to the SO» concentration, inversely 
proportional to the square root of the SO3 concentration, and independent of the oxygen 
concentration. *t 

This may be expressed as 





where a = SO» originally present as pound, lb mole/cu ft 
number of pounds mole of SOz converted in ¢ see of catalyst contact time per 
cubic foot of initial gas 
k = specific reaction-rate constant, (Ib mole/cu ft) ’2/sec; this may be assumed 
to be constant at each temperature up to equilibrium conditions 
The laboratory has obtained the data given in Table 1 for the reaction-rate constant. 
These data are applicable to your catalyst and your type of reactor. 


8 
II 


TABLE 1 
k X 104, (lb mole/ Tempera- 
cu ft)’*/sec * ture, °C 
14 350 
30 400 
60 450 
100 500 
210 550 


* Applicable only to the conditions of this problem. 





*A. M. Fairle, “Sulfuric Acid Manufacture,” Reinhold Publishing Corporation, p. 
331 (Platinum Catalyst), New York, 1936. . . 

+ Modern tests indicate that this may not be the case with some vanadium oxide 
T. Baron (Ph.D. thesis, University of Illinois, 1948) reports that the rate is 


reactors. 
SQ. concentration and inversely proportional to the square root of 


proportional to the 
the Oo concentration. However, you use your laboratory data. 
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The data of standard-state free-energy values at different temperatures given in 
Table 2 were obtained from the literature. These data apply to the reaction 


SO, + %02 = SOz 


TABLE 2 
AF*, Tempera- 
cal/g mole ture, °C 
—9120 350 
— 8000 400 
— 7000 450 
— 5900 500 
—4900 550 


The fugacities of the gases involved may be assumed to be equal to the partial pres- 
sures. 


PROBLEM 2. HEAT-EXCHANGER DESIGN 


Ak 6) Assistant Process Engineer 

FROM: Dr. A. B. Green, Chief Design Engineer 
Illeco Chemical Company 
Clarksdale, Illinois 


We are in the process of designing a catalytic cracker for our petroleum division. As 
part of this work, will you please submit a design for a single-pass heat exchanger based 
on the information given below? 

It is estimated that 200,000 gph of oil A must be heated from 100 to 230°F. The 
heating agent will be saturated steam at 50 psig. 

The engineering department has indicated that the exchanger will cost $5.00 per 
square foot of inside heating area. This cost includes all installation. 

You can neglect any resistance due to the tube walls or steam film; so all the heat- 
flow resistance will be in the oil film. 

The cost of power is 3 cents per kilowatthour, and the efficiency of the pump and motor 
installation is estimated to be 60 per cent. 

Do not consider the cost of steam or exchanger insulation in your analysis. 

The oil will flow inside the tubes in the heat exchanger. Following are data on oil A 
which have been obtained from the Critical Tables and the Chemical Engineers’ Hand- 
book: 

Avg viscosity of oil A between 100 and 230°F = 6 centistokes 

Avg density of oil A between 100 and 230°F = 0.85 g/cu em 

Avg sp ht of oil A between 100 and 230°F = 0.48 

Avg thermal conductivity of oil A between 100 and 230°F = 
0.08 Btu/(hr) (sq ft)(°F/ft) 


We recommend that the Reynolds number be kept above 5000 in this type of 
exchanger. 

The tubes in the exchanger will be made from standard steel tubing. Tube sizes are 
available in 14-in.-diameter steps. Tubing wall is 16 BWG. 

We are particularly interested in the diameter of the tubes we should use, the length 
of the tubes, and the total cost of the installed unit. In case the exchanger length is un- 
reasonable for one unit, what would you recommend? 
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Assume the unit will operate continuously for 300 days each year. Fixed charges 
are 16 per cent. 

Remember that our company demands a 20 per cent return on all extra fixed-capital 
investments. 

You may base your calculations on a total of 100 tubes in the exchanger. 

Please submit this information as a complete formal report. Include a short section 
outlining what further calculations would have been necessary if the specification of 
100 tubes in a one-pass exchanger had not been given. 

Following are recommended assumptions: 

You may assume that the Fanning friction factor can be represented by 


Fe 0.04 
rs (N Re)?-16 


f 


You may assume that the oil-film heat-transfer coefficient is constant over the entire 
length of the exchanger. 

For simplification, assume that the oil-film heat-transfer coefficient may be repre- 
sented by (standard heat-transfer nomenclature) 


k 
h = 0.023 — (N Re)"8(NPr)?4 


where all variable values are at the average value between 100 and 230°F. 


PROBLEM 3. DESIGN OF SULFUR DIOXIDE ABSORBER 


You are a member of a group of design engineers designing equipment for the re- 
covery of SO: from stack gases. 

The group leader has asked you to determine the optimum size of the SO: absorp- 
tion tower. Specifically, he has asked you to determine the height and cross-sectional 
area of the optimum absorption tower and to present your recommendations in the 
form of a formal report. 

Your group has held several meetings to discuss the proposed over-all design. Follow- 
ing is a list of conditions, assumptions, and data on which the group has decided to 
base the design: 


100,000 cu ft of gas per minute at 300°F and 1 atm are to be treated. 

The entering gas contains 0.3 per cent by volume SO: and 11.0 per cent COs, with the 
balance being No, Ov, and H20. 

The average molecular weight of the entering gas = 29.4. 

The mole per cent SO» in the exit gas is to be 0.01 per cent. 

The entering and exit pressures of the absorption column may be assumed to be 1 atm 
for purposes of calculating the SOz pressures. 


The zine oxide process will be used for recovering the SO». In this process, a solu- 
tion of H»O, NaHSO3, and Na2SO; is circulated through the absorption tower to ab- 
sorb the SO». This mixture is then treated with ZnO, and the ZnSOx3 formed is filtered 
off, dried, and calcined to yield practically pure SOg. The ZnO from the calciner is re- 
used, and the sulfite-bisulfite liquor from the filter is recycled. 
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The absorption tower will contain nonstaggered wood grids of the following dimen- 
sions: 


Clearance = 1.5 in. 

Height = 4 in. 

Thickness = 4 in. 

Free cross-sectional area = 85.8% 

Active absorption area per cubic foot of volume = a = 13.7 sq ft/cu ft 


The average density of the gas at the tower entrance can be assumed to be 0.054 
lb/cu ft. The sulfite-bisulfite liquid has a density of 70 Ib/cu ft and can be con- 
sidered as having a zero equilibrium SO, vapor pressure at both the inlet and outlet 
of the tower). 

The sulfite-bisulfite liquid must be supplied at a rate of 675 lb/(hr)(sq ft of column 
cross-sectional area). 

The optimum design can be assumed to be that corresponding to a minimum total 
power cost for circulating the liquid and forcing the gas through the tower. You may 
assume that this optimum corresponds to the optimum that would be obtained if fixed 
charges were also considered. 

The following simplified equations are applicable for grids of the dimensions to be 
used: 

K, = 0.00222(Go)°* 


Ahw 
—~ = 0.23 X 10-1(G)'* 


where K, = molar absorption coefficient, lb mole of component absorbed/(hr)(sq ft) 
(atm) jog mean 
Go = superficial mass velocity of gas in tower, lb/(hr)(sq ft) 
Ah = pressure drop through tower, in. of water 
L = height of tower, ft 
The liquid is put into the absorption tower by means of a nozzle at the top of the 
tower. The pressure just before the nozzle is 35 psig. Assume the pump for the liquid 
must supply power to lift the liquid to the top of the tower and compress the liquid 
to 35 psig. Use a 10 per cent safety factor on the above pumping-power requirements 
to take care of the friction in the lines and other minor losses. 
The gas blower has an over-all efficiency of 55 per cent. 
The pump has an over-all efficiency of 65 per cent. 
eference. H. F. Johnstone and A. Singh, Ind. Eng. Chem., 29:286 (1937). 
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PROBLEM 1. COST FOR HYDROGEN RECOVERY BY ACTIVATED- 
CHARCOAL ADSORPTION PROCESS 


What is the cost, as cents per 1000 cu ft (at SC) of 95 mole % Ha, for recovering hy- 
drogen of 95 mole % purity from 10 million cu ft (at SC) of gaseous feed per day if the 
following conditions apply? 

Feed composition by volume = 72.5 per cent Hy and 27.5 per cent CH4. 

A hydrogen-recovery method based on selective adsorption by activated charcoal 
will be used. 

For the charcoal adsorption, three separate beds will be needed so that one bed can 
be in continuous use while the other two are being desorbed or reactivated. Base the 
recovery on a single pass and an adsorption cycle of 1 hr per bed. 

0.00838 mole of material is adsorbed per hour per pound of activated charcoal. 

The composition of the adsorbed phase is 96.8 mole % CH4, the balance being hy- 
drogen. 

The cost of activated charcoal is $0.75 per pound. 

The annual amount of additional charcoal necessary is 15 per cent of the initial charge. 

The total plant cost (equipment, piping, instrumentation, etc.) equals $977,000. 

The capital investment equals the total plant cost plus process materials (process 
materials are considered as auxiliaries—i.e., process materials are only the initial charge 
of activated charcoal). 

The capital investment must be completely paid off (no scrap value) in 5 years. 

The operating cost per year, including labor, fuel, water, feed, regeneration, fixed 
charges minus depreciation, and repairs and maintenance, equals $463,000 (only oper- 
ating costs not included here are the cost of the additional make-up charcoal necessary 
and depreciation). 

The plant operates 350 days/year. 

Reference. AIChE Student Contest Problem, 1947. 


PROBLEM 2. ADSORPTION-TOWER DESIGN FOR HYDROGEN 
PURIFICATION BY ACTIVATED CHARCOAL 


Your plant is producing 10 million cu ft (measured at SC) per day of a gas contain- 
ing 72.5 vol % He and 27.5 vol % CH4. It is proposed to pass this gas through 
activated charcoal to obtain a product gas containing 95 vol % He. The activated 
charcoal shows a preferential selective adsorption of the CH4. 

An adsorption-desorption-regeneration cycle using three fixed beds will be used. 
One bed will be regenerated and purged over an 8-hr period. During this period, the 
other two beds will be on alternate 1-hr adsorption and 1-hr desorption cycles to per- 
mit a continuous operation. A single pass of the gas will be used. 

Each individual bed may be designed to include a number of charcoal-packed towers 


*The following problems are recommended for solution by students working in 


groups of two or three during a 3-hr practice session. 
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in parallel. The diameter of the individual towers must all be the same, and the diam- 


eter may be 6, 9, 12, or 15 ft. 

Determine the following: 

(a) The number of individual units (or towers) in each bed to give the minimum 
total cost for the towers. 

(b) The height and diameter of the towers for the conditions in part a. 

Data and information previously obtained for the chosen conditions of the process (i.e., 
adsorption at 400 psia, desorption at 20 psia, and an average adsorption temperature 
of 110°F) are as follows: 


0.0063 Ib mole of material is adsorbed per hour per pound of activated charcoal. 
The composition of the adsorbed phase is 96.8 mole % CH4, the balance being Hp. 
The charcoal has a bulk density of 0.30 g/cu em. 


The gas velocity in the adsorbers should not exceed 1 fps based on the cross- 
sectional area of the empty vessel. This applies to all the cycles including the adsorp- 
tion and the regeneration and purge. 

The feed gases enter the adsorbers at 400 psia and 80°F. The product gases leave 
the adsorbers at almost 400 psia and a temperature of 140°F. Regeneration includes 
30 cu ft (SC) of flue gas per pound of charcoal and 80 standard cubic feet of purging 
air per pound of charcoal. The flue gas is at 600°F (its maximum temperature) and 
5 psig, and the air is at 90°F and 5 psig. The air may reach a maximum temperature 
of 600°F at the start of the purging. 


TaBLE 3. Cost Data 





Column diameter, ft.......... 6 9 12, 15 
Dollars per foot of length.....| 360 660 1010 1800 
Cost per tower for skirt or sup- 

DOLD MACUATA tft uats corre 600 1000 1400 1600 





For each head (either top or bottom), add equivalent cost of 5 ft additional length 
per vessel. 
Reference. AIChE Student Contest Problem, 1947. 


PROBLEM 3. DESIGN OF ROTARY FILTER FOR SULFUR DIOXIDE 
RECOVERY SYSTEM 


As a member of a design group working on the design of a recovery system for SO» 
you have been asked to estimate the area necessary for a rotary vacuum filter to handle 
a zinc sulfite filtration. You are also to determine the horsepower of the motor neces- 
sary for the vacuum pump. Do not include any safety factors in your results. 

The following conditions have been set by your group: 

A slurry containing 20 lb of liquid per pound of dry ZnSO3-2.5H20 is to be filtered on a 
continuous rotary filter to give a cake containing 0.20 lb of HsO per pound of dry hydrate 

One hundred pounds of ZnSO 3-2.5H2O in the slurry mixture will be delivered to the 
filter per minute. 

A drum speed of 0.33 rpm will be used, and a vacuum of 10.2 in. mercury below 
atmospheric pressure will be used. 
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The fraction of drum area submerged will be assumed to be 0.25. 

The fraction of drum area available for air suction will be assumed to be 0.10. 

The temperature of the slurry is 110°F, and the air into the vacuum pump can be 
considered to be at 110°F. C,/C, for air at 110°F = 1.4. The temperature and pres- 
sure of the air surrounding the filter are 70°F and 1 atm, respectively. 

The specific cake resistance and the specific air-suction cake resistance can be as- 
sumed to be independent of pressure drop, drum speed, temperature, fraction of drum 
submerged, fraction of drum available for suction, and slurry concentration. How- 
ever, to eliminate possible errors due to this assumption, a lab test should be run at 
conditions approximating the planned design. The results of these tests can be used 
as a basis for the design (i.e., cake and filtrate compositions and densities can be assumed 
to be the same for the design as those found in the lab). 

The vacuum pump and motor have an efficiency (isentropic) of 85 per cent. 

It can be assumed that all of the ZnSO3-2.5H20O is filtered off and none remains in 
the filtrate. 

The resistance of the filter medium can be assumed to be negligible. 

Laboratory data compiled at the request of SOs-recovery design group (results of 
filtration of zine sulfite slurry on Oliver rotary vacuum filter) are as follows: 


PPCUAP ALOR WCEGG! to Sart UPR tech he po Wor es Salles 4 dae des 4.15 sq ft 

DPaition Gl ATCA SULMeErsed 2. hes 6 s,s isa «oer ine < ovine op wae 0.20 

Fraction of area available for air suction.................... 0.10 

Pi eeRIATTE MERIT. oor aera ae Nee Reta he NG Wigan od Pts s dys. sts thee 9 in. Hg below 
atmospheric pressure 

plery mOnceniralion Jy aac een eyes ae cok wate ieee au Lae 12 lb liquid/lb dry 
ZnSO3-2.5H20 

Ba eaNNOES CANIS o> ys peg eas aii Al einen seve sera aha cs Sine Seki 110°F 

MPESINL OORA Oe oe g ee ee eee bore ee re Pes a awe aes 0.40 rpm 

Density of wet cake leaving filtering zone................... 100 Ib/cu ft 

Pounds of liquid per pound of dry ZnSO3-2.5H2O in wet cake 

Reet UCL ATI ROME” Mathers Nata x etlesesio's 5215 ed San aso ores 0.6 

PVOTMOe AM SUITROC era eO mo = Soe Siw ds Wye Wes Sea a 68.8 Ib/cu ft 

MCR IIE IEMA art gh Sy adei sas a = ee Sain ea Weak ne ole t 0.6 centipoise 

Pounds of water per pound of dry ZnSO3-2.5H20 in final cake 0.20 

RE RINPURS URW Glee Ne whet Sie di vee wf nel a hme btw BAG aa died 'w S 5.0 min 

DEIN MEACANE THAPALCIE co RECS oro aie Seei x ulin. aris Sue ess isi piace 18-0 ese 0.95 cu ft 

Be atiaeeee Ree A NS fet iar Sw or Gis nF Zour 8 Sind ain see's 8.0 8.5 cu ft 


PROBLEM 4. RETURN ON INVESTMENT FOR CHLORINE RECOVERY 
SYSTEM 


The off-gas from a chloral production unit contains 15 vol % Cle, 75 vol % HCl, and 
10 vol % EtCle. This gas is produced at a rate of 150 cfm based on 70°F and 2 psig. 
It has been proposed to recover part of the Cl by absorption and reaction in a par- 
tially chlorinated alcohol (PCA). The off-gas is to pass continuously through a packed 
absorption tower countercurrent to the PCA, where Cl: is absorbed and partially re- 
acts with the PCA. The gas leaving the top of the tower passes through an alcohol 
condenser and thence to an existing HC] recovery unit. 

The reaction between absorbed Cly and the PCA is slow, and only part of the ab- 
sorbed Cle reacts in the tower. Part of this PCA from the bottom of the tower is sent 
to a retention system where the reaction is given time to approach equilibrium. The 
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rest of the PGA is sent to the chloral production unit. Ethyl alcohol is added to the 
PCA going to the retention system. The PCA is recycled from the retention system 
to the top of the absorption column, and the ethyl alcohol is added at a rate sufficient 
to keep the recycle rate and recycle concentration constant. 

Your preliminary calculations have set the optimum conditions of operations, and 
all costs have been determined except the cost for the absorption tower. Using the 
following data and information, determine the yearly per cent return on the capital 
expenditure: : 

The gases leaving the top of the tower contain 2 vol % Cle (on the basis of no PCA 
vapors present in the gas). 

The PCA entering the top of the tower contains 0.01 mole % free Cle. 

The PCA leaving the bottom of the tower contains 0.21 mole % free Cle. 

The recycle rate is 200 gpm (entering the top of the absorption tower). 

The gas rate at the top of the column is 27.2 lb mole/hr. 

The PCA entering the top of the tower has a density of 68.5 Ib/cu ft and an average 
molecular weight of 70. 

The column is operated at a temperature of 35°C and a pressure of 1 atm. 

The gases enter the bottom of the tower at 70°F and 2 psig. 

No Cls is absorbed in the aleohol condenser. 

The column is packed with 1-in. porcelain Raschig rings, and a porcelain tower is 
used. 

Laboratory tests with a small column packed with Raschig rings have been conducted. 
These tests were carried out at 35°C using PCA and off-gas having the same concen- 
trations as those in your proposed design. These data have been scaled up to apply 
to l-in. Raschig rings and are applicable to your column. The results are given in 
Table 4. 


TABLE 4 
mo2G2/Le based on condi- Height of a transfer 
tions at dilute end of column unit (log-mean method), ft 
0.178 3.6 
0.571 4.8 
1.04 6.2 
1.53 7.6 


The absorption of Cly in the PCA follows Henry’s law, and the following relation 
may be used for determining the number of transfer units: 


ae i Ai = A 9 
where Ay», = log-mean driving force = ged cones 
In (Ay1/Ay2) 


Ayi = yi — yi* 


Ayo = ye — yo* 
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Equilibrium data for Cly and the PCA at 35°C and 1 atm are given in Table 5. These 
data apply over the entire length of the column. 


TABLE 5 


Free Cl in gas 


Free Clo in PCA, (based on PCA vapor-free gas), 
x, mole % y, mole % 
0.1 2.0 
0.2 4.0 
0.3 6.0 


The maximum allowable velocity (based on conditions of the gas at the inlet to the 
tower) is 1.5 fps. The column will operate at 60 per cent of the maximum allowable 





velocity. 

Necessary cost data are given in the following: 

1. Tower: 
TD TAINELEN TN etuatt scents sp syse ciseee a 8, ores 12 18 24 30 36 42 
Porcelain, $/ft of length............ 70 100 135 180 230 285 
Top or bottom heads, porcelain, each | 60 85 nay 150 190 235 





2. Tower packing. One-inch Raschig rings, porcelain = $5.00 per cubic foot. 

3. Capital expenditure minus cost of absorption tower = $11,000. 

4. Net annual savings (taking alcohol loss and all other costs, such as interest, rent, 
taxes, insurance, depreciation, maintenance, and other overhead expenses into con- 
sideration) = $6,000. 

Nore: This $6,000 has been determined by including an accurate estimate of the 
absorption-tower cost and can be taken as the actual net savings. 

Reference. AIChE Student Contest Problem, 1949. 


Nomenclature for Prob. 4 


G = molar gas flow, moles/hr 

L = molar liquid flow, moles/hr 

m = slope of equilibrium curve, y/z 
N, = number of transfer units 

y = mole fraction of chlorine in gas 

y* = equilibrium mole fraction of chlorine in gas 


Subscripts 


bottom of tower 
2 = top of tower 


_ 
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PROBLEM 5. ECONOMIC ANALYSIS OF CHLORINE RECOVERY 
SYSTEM 


The data shown in Table 6 have been obtained for a chlorine recovery system in 
which all values have been determined at the optimum operating conditions of reten- 
tion time and recycle rates. 

TABLE 6 





Total annual oper- 


Mole % Total capital ating costs (fixed oss annual savings 
Cle in expenditure, costs, production by using process, 
exit gas dollars costs, overhead, etc.), dollars 
dollars 
0.2 92,000 84,000 114,000 
1.0 76,000 79,000 111,000 
2.0 68,000 74,000 105,000 
5.0 53,000 67,000 83,000 
10.0 34,000 59,000 47,000 





Determine the following: 

1. The per cent Cl» in exit gas at break-even point. 

2. The maximum net annual savings and per cent Cl» in exit gas where it occurs. 

3. The maximum per cent return on the capital expenditure and per cent Cl» in exit 
gas where it occurs. 

4. Which investment would you recommend and why? 

Reference. AIChE Student Contest Problem, 1949. 


PROBLEM 6. OPTIMUM THICKNESS OF INSULATION 


Insulation is to be purchased for 3 miles of 10-in-OD pipe carrying saturated 
steam at 250°F. The average air temperature for the year for the surroundings is 
45°F. 

It is estimated that the life period of the installation will be 20 years with negligible 
scrap value. The sum of fixed charges excluding depreciation is 10 per cent, and main- 
tenance is estimated to be 2 per cent annually. 

One company has submitted a bid which includes installation at a cost of $0.05D!3 
per linear foot, where D is the outside diameter of the lagging in inches. Using the 
following data and equations, what thickness of insulation should be used for this job 
in order to give a 50 per cent return on the full investment? 

The line will be in continuous service 365 days/year. The steam is valued at 
$0.33 per 1000 Ib. The thermal conductivity of the lagging is 0.04 Btu/(hr)(sq ft) 
(°F/ft). Steam-film and pipe resistance may be neglected. 

Heat losses by conduction and convection from the surface may be calculated by 


use of the equation 
Ats 0.25 
Do 
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where At, = temperature difference between surface of lagging and ait, or 
D, = OD, in. 
h. = Btu/(hr)(sq ft)(°F) 
An average value of h, = 1.2 Btu/(hr)(sq ft)(°F) may be used to determine heat 
losses by radiation. This is an adjusted value such that total heat loss per hour may 
be calculated by the equation 


Q = (he +hy)A Ate 


A mathematical setup with all necessary numbers and a description of the method 
for final solution will be satisfactory. 


PROBLEM 7. CAPACITY OF PLANT FOR PRODUCING ACETONE 
FROM ISOPROPANOL 


Acetone is produced by the dehydrogenation of isopropanol according to the follow- 


ing reaction: 
CH; H O 


ie af talyst | 
ee CoC Cra 
Vi 
CH; OH 
The reverse of the above reaction can be neglected. 


The catalyst used for the process decreases in activity as the amount of isopropanol 
fed increases. This effect on the reaction rate is expressed in the following: 


daa) 
Gk. 
api! 
where a = fraction of isopropanol converted to acetone and side products 
(moles isopropanol converted) /(moles isopropanol supplied) 
k = reaction-rate constant, sec—! 
N = |b mole of isopropanol fed to converter per hour 
T = absolute temperature, °R 
V = catalyst volume, cu ft 
The feed rate of isopropanol (NV) is maintained constant throughout the entire process. 
The fresh catalyst has an activity such that k = 0.30 sec. 
After 10,000 lb of isopropanol per cubic foot of catalyst has been fed, k = 0.15 sec, 
A plot of log k versus total isopropanol fed as pounds mole is a straight line. 
The maximum production of acetone is 76.1 lb mole/hr. This maximum production 
can be considered as at zero time (i.e., when k = 0.30 sec—). 
A constant temperature of 572°F and a constant pressure of 1 atm are maintained 
throughout the entire process. 
The catalyst volume V = 250 cu ft. 


0. — r 
— (2. 46 Ins 





moles acetone produced 
Efficiency = Ri abi cin ica alba (100) = 98% at 572°F 
moles isopropanol consumed 


The catalyst can be reactivated to its original activity by shutting the unit down 


for two 24-hr days. 

The catalyst will be thrown away after the last operating period each year. 

The unit will ,operate 350 days/year (this includes reactivation shutdowns). The 
other 15 days are used for repairs and replacing the old catalyst. 
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If nine catalyst reactivations are used per year, what will the production of acetone 


be in pounds per year? 
Outline your method of solution. The actual mathematical calculations are not 


necessary. 
Reference. AIChE Student Contest Problem, 1948. 


PROBLEM 8. EQUIPMENT DESIGN FOR THE PRODUCTION OF 
ACETONE FROM ISOPROPANOL 


You are designing a plant for the production of acetone from isopropanol. Acetone 
is produced according to the following reaction: 


CH; H O 
2d vA catalyst | 
C SSS ==; CH3—C—CHs3 + He 
Pee 
CH; OH 


The reaction can be assumed as irreversible. 
The catalyst used in this process decreases in activity as the process proceeds. This 
effect on the reaction rate can be expressed as follows: 


0.000254 1 
i = Ce er (2.46 In -a) 
V l—a 





where a = fraction of isopropanol converted to acetone and side products 


(moles isopropanol converted) /(moles isopropanol supplied) 
—1 


ll 


k = reaction-rate constant, sec 

N = lb mole of isopropanol fed to converter per hour 
T = absolute temperature, °R 

V = catalyst volume, cu ft 


The catalyst must be regenerated periodically throughout the operation. 

The fresh catalyst has an activity such that k = 0.30 sec—!, 

The products from the reactor (unconverted isopropanol, acetone, side products, and 
some water from the impure isopropanol feed) are sent to a continuous distillation 
column where purified acetone is removed. 

A distillation column, calandria, and condenser are now available in your plant, and 
you are to determine if these can be used for the purification step. 

Using the following data, determine whether or not the column, calandria, and con- 
denser are usable. If these are not satisfactory, determine the purchase cost of the 
necessary equipment. Do not buy any new equipment unless you need it. However 
the present equipment may be used in another part of the plant at a later date. 

Feed rate of isopropanol (NV) is kept constant at 97 moles of isopropanol per hour 
during the entire operation. 

A constant temperature of 572°F and a constant pressure of 1 atm are maintained 
throughout the entire operation. 

The catalyst volume V = 250 cu ft. 


wy ; moles acetone produce 
Efficiency of conversion = - : : (100) = 98% at 572°F 
moles isopropanol consumed oe 
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The present distillation tower contains 50 actual plates. Your calculations have in- 
dicated that a reflux ratio of 1:1 will allow 98 per cent of the acetone to be removed 
assuming a 40 per cent plate efficiency. The product material may be assumed es 
100 per cent acetone. These conditions are satisfactory, and you have made calcula- 
tions at these conditions, giving the results shown in Table 7. 


TABLE 7 


Per 1000 lb/hr of acetone distilled over and removed as product 


Column cross-sectional area, sq ft... .. 6.4 (based on 12-in. plate spacing 
and 2-in. liquid depth) 

Gondenser aTOS, 80 The. 650. oe ec en os 220 

Stecmisel Ahir eieoanecteter ct re ee iskaten ose 1100 


The over-all heat-transfer coefficient in the calandria is 250 Btu/(hr)(sq ft)(°F). 

Saturated steam is available at 50 psig. Neglect any sensible heat transfer from 
steam condensate to boiling liquid. The temperature-difference driving force At in 
the calandria may be assumed to be 90°F. 

Your calculations have indicated that the present condenser on the column is satis- 
factory and may be used for this process. 

The necessary data on the present equipment are given in Table 8. 


TABLE 8 
Number of plates in column........... Spee gee ae ae ea 50 
CEO IIMINICIAINGUEI MoE oe ors coe ius e cue ie Pecereter ays 72 in. 
Pig te SRCHIe Malic cite. 2 045.2 ote ee EP htt 12 in. 
Liquid depth-on each:plate. ... 64:4. ..- sien ec sess 2 in. 
Galsndra heat-transfer sree i... 4)... oe on eda e's 104 sq ft 
Calandria shell working pressure.................-. 60 psig 


Table 9 shows the cost data for any new equipment which must be purchased. 


TABLE 9. Street Heat WXCHANGERS 


Surface, sq ft Cost, $/sq ft 
(RBG 2 ee A ie RO oe en ee a a ea a 14.00 
DIA D ak ls ns AO ee aca OI ener oreped sci Oe 10.50 
VERO 2 COae eee ree ae, § NSO r ewe On) 8.50 
BONG Re re ek dary tae Bie Pw at MO acai nix 5.9.9 epi 6.50 


Steel Distillation Column 


Estimate on the basis of $25.06 per square foot of tray area. Column diameters 


should be even multiples of 6 in. 
Reference. AIChE Student Contest Problem, 1948. 
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PROBLEM 9. QUICK-ESTIMATE DESIGN OF DEBUTANIZER 


You are the chief design engineer at a large petroleum refinery. The head projects 
engineer has asked you to make a preliminary design estimate for a proposed debutan- 
izer. You are to present the following preliminary information to a group meeting 
3 hr from now: 

1. Number of plates for proposed debutanizer column 


2. Diameter of proposed column 
3. Outside tube area required for heating coils in reboiler (coils to contain saturated 


steam at 250 psia, and average heat of vaporization of hydrocarbons in reboiler may 


be taken as 5000 cal/g mole) 
The following information has been supplied you by the projects engineer: 


Charge stock from catalytic cracker to debutanizer = 5620 BPSD. 

Debutanizer to operate at 165 psia. 

Two fractions are to be obtained—OVHD and BTMS. 

OVHD is to contain 98.5 per cent of the butanes and lighter components with a con- 
tamination of 1.5 mole % pentanes and pentenes. 

The debutanizer must fractionate between NC, and ICs. 


TABLE 10. DeBUTANIZER CHARGE STOCK FROM CATALYTIC CRACKER 


°API (60°F) = 100.3 
Viscosity = 42 SSU at 120°F 


Component Mole % Molecular weight 





Nope we ee ote Oil 28 
Oe ee en eZ 30 
H2S Pik 34 
(as Mee eee Pane. 16.3 42 
C3. . 6.9 44 
IC,. Rea GR che hee 6.5 56 
IN CA arene 14.3 56 
| ee ee a ae 10.8 58 
NC4 Aces EN ae Cee 3.9 58 
Ces eeee eee 11.9 70 
LOR) so ee a eee 9.7 72 
NGk oa ee 2.3 72 
Ce. 11.8 86 
tee wats Vatot Ze) 96 
Ca OSI cae tae 0.1 112 
100.0 
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A search through your debutanizer-design card file gives the information shown in 
Cards A to C, 








Card A Debutanizer: 30 trays 
Feed 574 BPSD Reflux 635 BPSD OVHD 354 BTMS 220 
BPSD BPSD 
5897 lb/hr 5630 lb/hr 3114 lb/hr 2783 lb/hr 
84.6 moles/hr 100.6 moles/hr 56.0 moles/hr 28.6 moles/hr 
Composition 

Mole % same as OVHD Mole % Mole % 
Cue cess: 12.4 Refluxratio=1.8:1 (C3....... fA ene Geer ey 
on thst 3.05 6.1 Gore 9.2 Cs—400°F 98.6 
COB 47.9 LOVEE Re 71.6 —— 
C;—400°F 33.6 Cs—400°F 0.4 100.0 

100.0 100.0 

°API = 68.8 [A PIe= 100:7 "API = 100.7 °API = 39.7 
Basis: feed 119 mole % 66.2 mole % 33.8 mole % 
Card B Values of K at 165 psia 


Listings derived principally from the data of Scheibel and Jenny, Ind. Eng. Chem., 
37:80 (1945). 


Hydrocarbon 260°F 280°F 285°F 290°F 300°F 


M=PULUATIG sees eo casseicee Les 2.00 2.06 21S 2°2D 
M-PONtENE cs gars ae 1 Wea ls) 1.30 1.34 1.39 1.47 
Isopentane........... 1.03 1.19 1.23 1.28 1.37 
M-Pentane... 1.2... + 0.90 1.06 halal il alte) 120 
jpaaleraite. Sa eode gna Res. 0.58 0.61 0.64 0.70 
P-TOMANG snc co vinism ans 0.24 0.31 0.32 0.35 0.39 
PAIGUATIO Sere eet are as 0.13 0.17 0.18 0.19 0.21 





Card C Recommended over-all heat-transfer coefficients 
(based on outside coil heating area) 


Debutanizer service Transfer rate, Btu/(hr)(sq ft)(°F) 


emnitlenseles ee ster esos Butane to water 100-110 
Re DOLUSI eee erties ao Gasoline to steam 120-140 
Fepotlara cat binvigat cs oke< Gasoline to hot oil 50-75 
xchaAngelane: tak rate os Gasoline to gasoline 80 
Praneatetece occ sakes Gasoline to steam 110-120 
SOONG sd sexs cele eee ae Gasoline to water 75-90 





Reference. L. J. Coulthurst, Chem. Eng. Progr., 44:257 (1948). 
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PROBLEM 10. ECONOMIC ANALYSIS OF FORMALDEHYDE- 
PENTAERYTHRITOL PLANT 


You are a member of firm doing consulting work on chemical engineering design. 
The G. I. Treyz Chemical Company of Cooks Falls, N.Y., has asked your firm to de- 
termine the advisability of adding a pentaerythritol production unit to its present 
formaldehyde plant. You have been sent to Cooks Falls to analyze the situation and 
obtain the necessary details. 

A conference with G. Victor Treyz, owner rot the plant, supplies you with the follow- 
ing information: 

The present formaldehyde plant cost $500,000 and is in satisfactory operating con- 
dition. It produces formaldehyde by the oxidation of methanol. The yearly fixed 
charges (interest, rent, taxes, insurance, and depreciation) at the plant amount to 15 
per cent of the initial investment. 

The plant capacity is 100,000 lb of formalin (37.2 per cent HCHO, 8 per cent CH30H, 
and 54.8 per cent H2O by weight) per day. 

Miscellaneous costs (salaries, labor, office expenses, lab supplies, maintenance, repairs, 
communication, sales, silver catalyst replacement, etc.) amount to $150,000 per year. 

The over-all efficiency of conversion of methanol into formaldehyde equals 80 per 
cent; i.e., 0.8 Ib of CH30H converted to HCHO per pound of CH30H decomposed. 

The total cost of utilities (fuel, electricity, steam, water, etc.) equals 5 per cent of 
the total cost of producing the formaldehyde. 

Mr. Treyz has included all the smaller costs such as insurance benefits, ete., in the 
overhead cost so that the total cost of the present operation is the sum of fixed charges, 
overhead cost, utilities, and methanol. 

The proposed PE plant is to produce 6000 Ib of final pentaerythritol per day. The 
basic reaction involving lime, acetaldehyde, and formaldehyde can be assumed to be 
going to completion. Only 70 per cent of the PE produced in the reaction is obtained 
as the final product. Any costs due to the presence of excess Ca(OH): can be neglected. 
The calcium formate formed must be discarded. 

The initial installed cost of the proposed plant is $400,000. It can be assumed that 
the yearly cost of the new operation minus raw-materials costs will be 40 per cent of 
the initial installed cost. This 40 per cent includes fixed charges, overhead, utilities, 
and all other expenses except raw materials. 

Both plants operate 350 days/year. 

Mr. Treyz feels he can sell 6000 lb of PE per day at the present market price. He 
can also sell 100,000 Ib of formaldehyde per day, but he is willing to make the new in- 
vestment if it will give him better than a 30 per cent yearly return on the PE initial 
plant investment. 

Following is a list of prices supplied by Mr. Treyz. All these prices are f.o.b. Cooks 
Falls, N.Y., and they are to be used for the cost estimate. 


Methanol, carload lots FE aeRO ee aaa | eR? MI aathly (or, lan $ 0.33/gal = $0.05/lb 
Formaldehyde,.37.2% HCHO, 8% CH;0OH......2...1...-.. 0.043 /Ib 
AGe tal den ye OOF icaiciciate xis Sa Sted et ee ee 0.11/lb 

ini 58 DOTS COAL) >. Plecatt: Canta ein nee ee en ee ee 10.00/ton 

Pontaery thritoly, cw wcw ens te hades cabaer aa aia eee 0.33/Ib 


From the preceding information, determine the following: 

(a) The present profit per year on the formaldehyde unit. 

(6) The total profit per year if the PE unit were in operation. 
(c) Yearly per cent return on the PE initial plant investment. 
(d) Should the Treyz Company make the investment? 


Table 1. 
Table 2. 


Table 3. 
Figure B-1. 
Table 4. 
Figure B-2. 
Table 5. 
Table 6. 
Table 7. 
Table 8. 
Table 9. 
Figure B-3. 
Figure B-4. 
Table 10. 
Table 11. 
Table 12. 
Table 13. 
Table 14. 
Table 15. 
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TABLE 1. 


Length 
PENG ise yo latecs Ss conse 2.54 centimeters 
LE TOO URN a tie yes cee 30.48 centimeters 
Dp as Baer ae Ae 91.44 centimeters 
MIMSEr Sic eee ds ves 100.00 centimeters 
NGINOtER centre as 84.8 39.37 inches 
Pomicron.<...<.-... 10~* meter 
ienlece ee O20 tee 


1 kilometer......... 0.6214 mile 


CoNVERSION Factors AND ConsTANTS 


Mass 
a MUMS ret re a 16.0 ounces 
IS PGUNS Peer cates. 453.6 grams 
POU Leyes 7000 grains 
i'ton (short). 2... 5. 2000 pounds * 
Dkslogram ne. seunss 1000 grams 
1 kilogram........... 2.205 pounds * 


* Avoirdupois. 


Volume 


icubie inchstenese nwo 16.39 cubic centimeters 


TCIITGE Ms yretemt tin Geel aco eee 61.03 cubic inches 
POLLLGN de eta iad Seana back he 1.057 quarts 
IWeubiciGotwer. wt ee ee 28.32 liters 

AC CUDIC LOO UL EeeT ee Wee cee 1728 cubic inches 
Tete ate coe oe ven Gye wa 7.481 U.S. gallons 


RSs CAON ea ee ele cas 
LS gallonsee ee, ak wh oss & 
tA 9S 7s) cea aes 


4.0 quarts 
3.785 liters 
1.244 cubic feet 


1 gram per cubic centimeter................. 
1 gram per cubic centimeter................. 


Be ere 8.345 pounds per U.S. gallon 


62.43 pounds per cubic foot 


1 gram mole of an ideal gas at 0°C and 760 mm Hg is equivalent to 22.414 liters 
1 pound mole of an ideal gas at 0°C and 760 mm Hg is equivalent to 359.0 cubic feet 


Density of dry air at 0°C and 760 mm Hg.... 


1.293 grams per liter = 0.0807 pound per cubic foot 


Peart ty Al TNELOUTY ; cutee wn doce sis s ca ware ens 


Pressure 


1 pound per square inch............ 
1 pound per square inch............ 
1 pound per square inch............ 
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13.6 grams per cubic centimeter (at —2°C) 


2.04 inches of mercury 

51.71 millimeters of mercury 
2.31 feet of water 

760 millimeters of mercury 
2116.2 pounds per square foot 
33.93 feet of water 

29.92 inches of mercury 

14.7 pounds per square inch 
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Tarte 1. Conversion Facrors AND Constants (Continued) 
Temperature Scales 
Degrees Fahrenheit (F).......---- 1.8 (degrees C) + 32 
Degrees centigrade (C)...........- 1/1.8 (degrees F — 32) 
Degrees Kelvin (K)...........:.-- degrees C + 273.16 
Degrees Rankine (R)...........-- degrees F + 459.7 
Power 
fakilowabt ie sect tees eee 737.56 foot-pounds force per second 
LAGU ATER: Piero sori cdlon sae wie 56.87 Btu per minute 
LIGIOWALUS . 22h ea ce ok 1.341 horsepower 
1 horsepower. ><. xs..ea que es oe 550 foot-pounds force per second 
LibOTREHOWE! Sc innia fe tees 0.707 Btu per second 
i horsepowete.- cee ers eee 745.7 watts 
Heat, Energy, and Work Equivalents 
Cal Btu Ft-lb Kwhr 
Cale ete icere 1 3.97 x 10* 3.086 1.162 x 10~* 
Bt Wey ece wee sk s Acces 252 1 778.16 2.930 X 10~4 
Biel De cate aren hee 0.3241 L285 °K 10s: 1 3.766. xX 10—" 
ophty cee ceo ioern cs Fain 860,565 3412.8 2.655 ><10° 1 
Eipelir nearer ara 641,615 2545.0 1.980 « 10° 0.7455 
CULL a nc tee een 0.239 9.478 x 10+ 0.7376 2.113% 10-4 
PALtOr-BtMioc ase ewe au 24.218 | 9.604 x 10~? 74.73 2.815 X 10~ 
Hp-hr Joules Liter-atm 
COAL ea toler ita gerd chain 1 558° 1074 4.1840 4.129 xX 10° 
SUA etene 0s aetreesaate ests acts Seka 8,930°<.10— 1055 10.41 
BID sass oe aes fo See abe 5.0505 X 1077 1.356 1.338 X 10~° 
TOWDE aenecwn le Meee ee 1.341 3.60 < 10° 35,534.3 
EEp-Nrs cnc. tier enu eke 1 2.685 X 108 26,494 
Joules... 6.0.6. s cece evens 3.725 X 1077 1 9.869 X 10% 
Dilbert, cate ee Oa oer ae B74. 102° 101.33 1 
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Constants 
8 Set a ee 2.7183 
Ba SA 2 3.1416 
Gas-law constants: 
R......... 1.987 (cal) /(g mole)(°K) 
R......... 82.06 (cu em)(atm)/(g mole)(°K) 
NA Penn ore 10.73 (lb/sq in.)(eu ft) /(Ib mole)(°R) 
R......... 0.780 (atm)(cu ft)/(Ib mole)(°R) 
NEAR cant 1545.0 (Ib/sq ft)(cu ft)/(Ib mole)(°R) 
PRBS eek 32.17 (ft)(Ib mass) /(sec)(sec) (Ib-force) 


Analysis of Air 


By weight: oxygen, 23.2%; nitrogen, 76.8% 

By volume: oxygen, 21.0%; nitrogen, 79.0% 

Average molecular weight of air on above basis = 28.84 (usually rounded off to 29) 
True molecular weight of dry air (including argon) = 28.96 


Viscosity 


IRCEDUPOISGe wee = 5 ee 0.01 g/(sec)(em) 
INGantipoiseenneretre 954s 0.000672 lb /(sec)(ft) 
IecentipoinGemme eer eter. fe 2.42 lb/(hr)(ft) 


TABLE 2. AVERAGE SERVICE Lives (YEARS) FOR EQuipMENT ITEMS 
IN THE CHEMICAL INDUSTRY * 


Acids 
Acetic: 
Bloweases, cast-iron and copper.... 3 
Columns, fractionating............ 8 
Condensers: 
Coppers x fs tere tan ee ee ae 10 
DUTTON Pee ee ee 14 
LGR Ss, Ur ee cine Be 6 
NLOCOIS i ee eee a are ee ae 14 
Pipes: 
Acid: 
CODDEES. - dticn Tag hones Sees 10 
Robbers... :aoreys tans. 2 ee 8 
AlamMmMunie wy ow Ane ee eee 3 
CRSA T Gin apace Sie eee 5 
Waterco 7 scrote ae 10 
Prothane ard Ay oe rtaoane ee Lif 
Puripe, “vVACuUn a seg aes 6 7 
Receivers, acid, for product (stone- 
WATE) Darel Me | SeEie nr 20 
Receivers, acid (stoneware)....... 14 
Scrubbers (stoneware)............ 14 
Stills: 
CRSU PON sees ues cag eee 12 
TONING. CODDEN 2 nc. eee ss 14 
Refining, heating coil........... 3 
Tanks, storage: 
Bbeek te setae ee iet ais aca eS, 12 
WOO Mice oe a eat CP Maran 4 25 
Muriatic: 
Air lifts (hard rubber)............ 10 
arse TANK tice cats eek ane 10 
Cooled 775, Xa.cae cenit ieee eee 10 
Elevators, bucket. ............... 10 
Exhausters (rubber-lined)........ . 8 
Flues (earthenware).............. 10 
Furnaces, Mannheim............. 8 
Furnaces, pot and muffle.......... 10 
PUPECOSTOLOTt: ss. nen ae Gee 8 
Grinders and coolers, salt cake... . . 12 
RIGO aes. Baas eae 14 
Pipes: 
Acid (hard rubber)............. 7 
Chemical ware................. 2 
ONE Pern, We re ee ae CB allo alien 20 
Watery, 2.5 ns et Aen 4 
Pots, condensing (earthenware).... 7 


Pumps and blowcases: 
Chemical ware-lined............ 3 
Rubber-lined blowease.......... 5 
Storage tanks (wooden, rubber-lined) 14 
Tanks, sulfuric acid storage (steel) 20 


Tourilies: (Stich)! secre ere 10 
Towers; absorbing). 9.720. 10 
‘Nitric: 
Blowers (stoneware).............. 5 
Blowcases (earthenware).......... 2 
Condensers (duriron)............. 12 
Condensers, S-bend (stoneware).... 2 
Elevators and conveyors (screw)... 10 
Hues, gas (Duriron)5.7. 72.0550 8 
Pans, niter cake (steel)............ 14 
Pipes and fittings (earthenware, 
Duriron.<léad).. eos eee 2 
Pumps, sulfuric (iron), centrifugal 5 
Receivers (stoneware)............. 5 
Retorts, 24-hour service........... 3 
‘Lanks) (steel) Pees & aa-eia ae eee 10 
Towers, condensing............... 9 
Sulfuric (contact): 

Air lifte 7... ova ceweee se oe eee 14 
Bloweases (cast iron and steel).... 5 
Blowers x2; ¢76 Soe ee 20 
Burners: 

Brimstone; ..24 «264. yee 10 

Glens: Falla: 0e2. eee 10 

Otherso 2 give thse eu eee eee 15 
Coke ‘boxed (0025 lee 17 
Combustion chambers, brimstone.. 10 
Compressors, airs. Yigg see eee 15 
Contact mass, including plates and 

SUPDOTtS 2. ae, ae ee ee 17 

Gonivertera:5 4: eee 14 
Conveyors and elevators.......... 10 
Coolers: 

Drying acids «4s, oe eee 10 

Gas yaini ewe tnu fs ta ee eae 14 

Cran, tOWEr co 8 5 toy ae eR 10 
Dust chambers (brick)............ 14 
Filters, preliminary............... 11 
Flues Grdn) vince oe ie ee 13 
Gauges, meters, pyrometers........ 14 
Heaters, preliminary.............. 14 
Melters, brimstone............... 10 
Mototini. scree eee 17 


; * Income Tax Depreciation and Obsolescence—Estimated Useful Lives and Depre- 
ciation Rates, U.S. Bureau of Internal Revenue Bull. F, 1942, 
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TABLE 2. AVERAGE SERVICE LIVES (YEARS) FoR EqurpMENT ITEMS 
IN THE CHEMICAL INDUSTRY (Continued) 


Ripe Sette or 10 
Platinum, in catalyst............. 50 
[igiirste Op tote jie sh i a vf 
Pumps, acid (lead)............... 8 
MIA TS UGS i, Fido acd aes eos wer ei.’ 14 
Sublimers, brimstone............. 10 
pPaniscars'(steel se ies ae, Je os. 12 
Tanks: 
Roasted ore storage (steel)... ... 20 
storage (lead sc ceca. cee cd Res 20 
Storage weteel)me a.com 17 
Towers: 
PUMP OA 5 Sen aaa a eee ee 9 
Cooler, cold ‘scrub... ...28-. 622. 12 
TYAS ee atk, LI eM we 10 
CO) yb hi ote, Sater Oia Acro Tt rte ee eer 10 
CPE 2 .3.385" seri anes tot ad 10 
PITANSTOTTEES!s © acu: o.qsies erie eco ee 9 
Alkalies 
PADSOLDEIS hitch fic a5 Soh Mone Rom ake 30 
Bins: 
CNAPEIN Gare ou ros la ShsihsG ce ia 30 
SLOPE Me tesa tS handone ra hs ee as 25 
CO laSsINOra mete va ayes on hand os oo 20 
Compressors: 
HoricHr On GlOxIGG ses senses ante: 25 
@hlormed ry As eer eee eee 28 
Concentrating and evaporating units 
(for potassium carbonate)....... 20 
Concentrating units (ammonium chlo- 
WING eevee tara 2 oes es 12 
DaVOV Oth doe ee sere Sn vn eee aa 2 20 
Rate TM O Ys tore d) a cic aks <a deg od = 20 
Dryers: 
Salt (calcium chloride)............ 16 
Steam (bicarbonate of soda)....... 20 
Evaporators, caustic soda (cast iron, 
magnesia-covered).............- Uz 
eG ais Wie ¢ acaine Find has 825 19 
Filter wheel for causticizer........... 20 
Flaker wheel with speed reducer... .. 15 
Furnaces (for calcining bicarbonate of 
soda into soda ash)............. 6 
Teied, ING yh, 6 Sear. re Vike oaks. 22 
Paria, Settler ic. ssc den onsen 20 
Pots, cast iron. ...... cs eee esse enees 12 
Pumps: 
Caustic soda (centrifugal type).... 18 
Chlorine dry gas. .......-..++.+-. 18 


Receivers, vacuum................. 20 
SROMES VERY TMB h ag eet vis gra iia f 
FUG WUT POR AION Fs 5. fo.dhimss cual doe 20 
Oru UMiBohan sik Gs ont sais oy eee 35 
Scrubbers, vacuum................. 20 
RODRURDOTE 375 Se ui Met, a by. ate eh bed 20 
Settling units (calcium chloride)... ... 15 
REN ere watis Aus 2. 0% Re eee 21 
Tanks: 
PSI SUPA IR 2 At wiirys kak uw 4 oie 30 
Bottom dissolver (caustic plant).... 18 
Dissolver and mixer.............. 30 
PIGOLIEN, BUBBLS.o705 tee toner eae eta set anh sa 33 
Filter wheel for causticizer......... 20 
TPS Senet we aie eee i a agi ae 21 
DATRUUE Sepa rene teers: sc ea 25 
IVE Seen erect ee eae 33 
DIG SUOTACES. fea cr ceases aes 30 
MIG BECO vrs ee ns ge 20 
BSC UUN ekg ureeer ye hie es eens 33 
RejE Og X 4 eae ete ek Pe en, eae eee a 30 
Storage (weak caustic soda solution) 22 
Tidekeneins 260sh wee kee 25 
DUELS Airy oe esis oe hae eee 25 
Towers: 
Carbonating and precipitating. .... 33 
Distillation’ 2.52290, 2 sens oe eae 33 
Washing (for chlorine gas): 
Castil Olen eee ann eee 20 
CONG a caer rclae SOAs Gelinas sia me 22 
WV BOR eae out ke ok San ae 37 
Carbide and Carbon Products 
IADSOTDELS seers eve crate eatin ee 10 
Bagwiip machines ;.0<5 otek 5 ee 14 
Barrels, tilting and tumbling......... 8 
BTOARkOrsrere os cicne ae eee eee 12 
Briguetimg machines. >.5..2.scaceue 18 
Buckets? ehargiigs .ccx -ts,00 pan mentee 8 
Calla: chlormiez.......s.9ie.> oon eee 6 
Charging machines................. 12 
(CHIGrINE LOLS ween ete te eee tere i 
Ci les cetichers Gin cya vrs «enone 15 
(Colitis peer see eal to eee 8 
(Giliinasvet! Gharkeelovey. oy cen Sates bar 6 
Concentrators (hydraulic type)....... 12 
Condensers (closed type)............ 17 
Containers GONper iG. oe iiii rece naan’ 9 
GOOlBTS ee eee eee cs eh oe ek 10 
Coolers, after, fore, and inter........ 17 
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TaBLE 2. AVERAGE Service Lives (YEARS) FOR EquipMENT ITEMS 
IN THE CuemicaL INDustTRY (Continued) 


Crushers, gyratory, jaw and roll...... 12 Thickeners...........----+.+++5--5 17 
Diigesterss:..c cee oe near eee tee 10 Towers: 

Dryers (rotary and tunnel types)... .. 25 Acid and reachion: .. . 9.5 14+ 26 fice Wet 
FAVA DOr Lore tert 28 lap e tap tad ee 7 Cooling 32 39444 0 fede ence eee ff 
Fillers, Dare ee ea cates ie ote 14 ; Carbonic Gas Products 
Alia ek Absorbers, : 289 oi. oh tg it pene 16 


Electric, carbide, and metallurgical 20 


Gas for heat-treating, torching, and hie 29 
branding tt <2 Awe-easecr 1 aire 8 coer, ke: | ee aa ee =F 
Preheating and welding........... 12 C esa Cry 108s Pineda aeatee ‘3 
Generators, acetylene............... 12 Seca e Roe a eae We ta ae 2 ak 
oe ey Piet ete tee ot een ae Interchargers, heat.............. Cm, 
IGEN PAS ccd: as ouch in eee 25 : 3 
Pv dratorss. wchctniice seo ee ees 1g Liquefiers...............--..2-055, 14 
Hi deohy san ee nde 7 Scrubbers, BAS. eee eae ti 
{aaa ee a 99 Towers; purifiers 4....2<.<:5 tae wee 15 
Kettles: Electrochemicals 
Meiing 05% Giese ws sean we GO: “Absorbers. cues bse oe ee 20 
NItFAtIng Jace ote eee ee 6°. “Aleagashaig()) (Met ee et oe ee 20 
ReNGGHE  N eeee ees rea 6 Blowers, noncorrosive fumes... ...... 25 
SEH Grains Pe HR ee tee RA kien Chaat ae 6 Burners, phosphorus................ 10 
Steam-jacketed jy bagla tio sole Bat dca oes 6. Calls: electrolytig.:. ... 1... nea nee 15 
Kilns: ; Centrifpg las... 22 anecstex soe eee 25 
Calin teccra ees cata ease in 22 Compressors, air..................- 25 
ROtary sles bos sca eis soe ceo sleds 22 Compressors (gas pumps)........... 15 
Werlicel 96.70 acter as Cen 28 Condensers: 
Ladles sn) cei fae eaves ape cine teas 22 Concrete construction............. 25 
MMS «5 Sirininin 3 ore ee « bla lena em he Se 12 steel;-with: tubes: =. o:694.00 00 8o8 20 
Millgy stamp. «2.0.26 05s ceee esses es: 129” Conveyors...) .1. cs ae ae 20 
NT ES ee Ee RO eRe oP 12 Coolers: 
Qvens, coke. ...........-...2.2005. 17 Lead-lined:: 0))0-wkn ce tee 15 
‘Oxygen manifolds......0...0....... Nie ase ee ee 20 
Pans: Crystallizetan. 25:55 tava aoe ea ae 15 
Melting......................05. 6  Digesters, lead-lined................ 15 
Nitrating.... 00-00-06. sees eee es Oye Dishes SliGtin csi Pane tee eee 10 
Reducing......................-. 6 Dissolvers, lead-lined............... 15 
Steam-jacketed.................. 6 Drainers, lead-lined............... 15 
RPCCIDILALOIN, core Sluis mc § pons 18 Dryers: 7 
Preheater...........2.0.0. esse eee, Rotary. tubes we eee ase 10 
Pree ASGGr Sip cen ol eye aaa 17 Vatitiuniee so bale ee 20 
ee PAIS mA ¢ Bireinn e € brs Sama 8G 12 Drying pans, lead-lined.... 2.2.0... 20 
Purifiers. .... 26.2. .ce cece eee e eee 18 Dust collectors..................... 15 
Receivers, copper................... 9  Rgegs, lead-lined.............. 15 
Retorts......-...... 0. e eee eee, 22° Havatorsat Ss Se 
pee BEG eS 9 BAW tale eal esT dS a degen 12 Bueketand belt.....3.5.4058 oan 15 
Srreeus wa Bisa syn ipwhdial wind wiyia #in me = Ga 12 Screw conveyors................. 10 
Sifters a leg Noes 9 oe har tok ine Sere eae 12  Evaporating pans, steam-jacketed 
pills (closed type)... wees eee 17 Kettles, 56h 0.05 sees 15 
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TABLE 2. AVERAGE SERVICE Lives (YEARS) FoR EquipMENT IEMs 
IN THE CHemicaL INDustry (Continued) 


Evaporators: 


EPP UNG Suh on ao bole ea ek 15 

ie Ae ee ee 15 
Bu eM Sg whee oa tea Ce tenon 20 
Filter presses: 

WSBt-ren DIATE S< yaa ss eos ees 15 

REDO PACRIVONS Nei. 2 atciisndey oa oo oss 20 
ELE: «a, ON el nD a ae 20 
BIINACES MelEGLILC 2 2 ae ae ee ee 20 
Heaters: 

Electric, hot plate... .. 2.56. 5.00 15 

BAC CLNIGS NO bs WAUCL Ae rye aie ites 
Hoppers, sheet metal............... 15 
LTTE 0 ge eed a a 15 
Meter, liquid measuring............. 10 
Metering equipment, electric......... 25 
Vi VET ae Lets D121 Sen eR gl on a ae 20 
Ubi (cigshe) SCONE Mieco Meee Wak gtr ee ae” 20 
NIG LORI tes 2c A). ee eer ene 20 
Motor generator sets................ 20 
gc ee NE: A ae a ee 9 Oa ae 4 
Piping: 

Air gas, steam, water... .........- 25 

Wornosive mattersc <2 sun. a crs 15 
Pots: 

MAELO ee Si case Bb kee cet ek os 18 

er sha us tin Oy Sea ee eee i ee Pe ae 15 

urnace. (castsilOn)) ser. en che nar. 20 

Melting (cast iron)............... 15 
Pumps: 

(Cnrrostve HOUOr 0 nc vo een kee nee as 10 

Paetsch ely caer wep cst enars Cau ach 20 
Reactors, electrical................. 25 
Regulators, temperature............. 10 


Rotary converters 


Scales... 
Scooper, 


Speed reducers 
Stills, lead 
Stoker, to kiln 


Tanks: 


Hot-water storage 


bucket type............... 


(ead-lined nee eS ae a ee 


Wooden, lead-lined 


Owes: SeCOl Neko ert Ae eae 
LrAn Ee ONMGrs ape e eee a eee 


Oxygen 


Cylinder 
Cylinder 


drying chambers........... 
testing apparatus.......... 


Gad bine lnc bespeetes ica bat oe coe Gee 
IDI aQOiey (Oa Ne we Boel peek noe oe 


Engines, 
Holders, 


expansion 
DEP LON eee als oa eee 


Oxygen filling manifolds............. 


Towers: 


(COON tee wee oii te sees eae es 
Decarbonizing (steel drum type). . . 


25 
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TABLE 3. VISCOSITIES OF GASES * 


Coordinates for use with Fig. B-1 





Gas 





A GOtIG A CIC seen nttekee ne 
A COTONES erates sisescdekesele 
Acetylene: ... 55-5 .075% 
PAT een chee cas otek era 





Butene: ea oases 
Butylencieg cee 
Carbon dioxide........ 
Carbon disulfide....... 
Carbon monoxide...... 
Ghlorineésateeeen: eae 
(Chlorolarmiee seers ere 
OV OTIORORE cco tion 
Cyclohexane.......... 





HUOnInGe eee ones 
Hreotiel lees tee eee 
Ee ONs Zeek. eee eer 
Hreony2. eae 
Rreony22 age, ac picts 





xX 





(ers 
8.9 
9.8 
11.0 
8.4 
10.5 
8.5 
8.9 
9.2 
8.9 
9.5 
8.0 
11.0 
9.0 
8.9 
9.2 
9.2 
9.1 
8.5 
9.2 
8.5 
8.9 
9.5 
7.3 
10.6 
| 
10.8 
10.1 





ve 


14.3 
13.0 
14.9 
20.0 
16.0 
22.4 
13.2 
19.2 
13.7 
13.0 
18.7 
16.0 
20.0 
18.4 
15.7 
15.2 
12.0 
14.5 
13.2 
14.2 
15.6 
13.0 
15.1 
23.8 
15.1 
16.0 
15.3 
17.0 





No. 


Gas 





29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 





Breoned 3 acdsee sie 
Henin oo a ae 
Hexane We iiapraceurercaees 
Hydrogen jee. somos eee 
S Eloi IN sraetaceera eather 
Hydrogen bromide...... 
Hydrogen chloride. ..... 
Hydrogen cyanide...... 
Hydrogen iodide........ 
Hydrogen sulfide. ...... 


VIG CUT Vignes clan Gate cate 
DM ethane: sets nual oete 
Methyl alcohol......... 
INTEPIQUORIUG aaa ernoe ere 7 
INTtrOGED es sees einer 
Nitrosyl chloride........ 
Nitrous Ox1Ge kee 


Pertanes 527 fis cose soa 
PYOPOHEs..s 7m aecwh taro 
Propyl alcohol.......... 
PRODYVIBD6 canoe e carta ee 
Sulfur dioxide.......... 





8.5 
10.9 
10.6 

8.0 

8.8 
11.0 

7.0 

9.7 

8.4 

9.0 

9.6 

8.6 

9.5 

8.0 

9.3 








me 


14.0 
20.5 
11.8 
12.4 
17.2 
20.9 
18.7 
14.9 
21.3 
18.0 
18.4 
22.9 
15.5 
15.6 
20.5 
20.0 
17.6 
19.0 
21.3 
12.8 
12.9 
13.4 
13.8 
17.0 
12.4 
10.5 
16.0 
23.0 


* J. H. Perry, ‘Chemical Engineers’ Handbook,” 3d ed., McGraw-Hill Book Com- 
pany, Inc., New York, 1950. 
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sho ie Viscosit 
ity 
wa C DegF centipoises 
-100 
0 
10) 
eB 
100 retbess | 
Pa eee | 
Alig 
es Pegi 
100 HH 
aim 
300 FREE 
re ee 
- PEG Sanne gene eee 
400 ieee Maret y fSr ee a pel 
epee emo et tt Ae 
ve Ee Re ic Oa a al 
& @ eat ue 
300 BA po ie fe 
600 & pa Oe 
| in ele | 
700 Bi eae | 
400 aI me 
she |_| a eae 
aS is a Ga eels 
500 Beak eaao Aa 
a fees ea 
600 100 & Rae 
1200 pp 
700 1300 Bs 
1400 0 
800 1500 Dae ees are Git 8 a0 ond 12-0 14 ete ts 
1600 x 
900 1700 
1000 1800 


Fic. B-1. Viscosities of gases at 1 atm. (For coordinates see Table 3.) 


TABLE 4. Viscosiries OF LiqurpDs * 


Coordinates for use with Fig. B-2 





























No. Liquid X Y ||No. Liquid ».¢ % 
1 | Acetaldehyde..........| 15.2] 4.8] 56| Freon 22.........:..... L7é2) 47 
2 | Acetic acid, 100%..... 19,1 1:14:21) (57) Breen L1G 4 ya ~..+) 12.5) 114 
3 | Acetic acid, 70%...... 9.5 | 17.0 || 58) Glycerol, 100%.......22. 2.0 | 30.0 
4 | Acetic anhydride...... 12:71 12.81) 59% Glycerol; 00% 2 ee | 6.9] 19.6 
5 || Acetone, 100%........ 145: 19 7-2''| GO} Heptenc se ee (1s. 
6 | Acetone, 35%......... TG AS OW Gla Elexanre: ercteepen cas Ghee 1 14.7 | -7.0 
7 | Allyl alcohol. .........| 10.2 | 14.3 || 62 | Hydrochloric acid, 31.5°% | 13.0 | 16.6 
8 | Ammonia, 100%.......| 12.6| 2.0]! 63] Isobutyl alcohol........ 7.1 | 18.0 
9 | Ammonia, 26%........} 10.1 | 13.9 || 64] Isobutyric acid......... 12.2 | 14.4 

10 | Amyl acetate..........| 11.8] 12.5 || 65 | Isopropyl alcohol. ...... 8.2 | 16.0 
11 | Amyl alcohol.......... 7.0)| 18:42 66" Kerosene saverce eae 10.2 | 16.9 
Rt] DME de aca statis ener 8.1 | 18.7 || 67| Linseed oil, raw........ 7.5 | 27.2 
SclvAnisoleve cae ere ae 12 93:/8132D-| (ROS VLercuityaaeen er tae tear 18.4 | 16.4 
14 | Arsenic trichloride. .... 13.9 | 14.5 || 69] Methanol, 100%. ees) Meee En 
Tog DCN ZENG pe tne hanes 12.5 | 10.9 || 70 Methanol, 90% re rad ek cere perialiees 
16 | Brine, CaClo, 25%... .. 6:65115.97|! = 71 Methanol, 400, Pe eae A. Zieste) ayes 
17 | Brine, NaCl, 25%.=. .. 10.2 | 16.6 || 72] Methyl acetate......... 14.2| 8.2 
£3") Broiime. tomate ote e 14.2 | 13.2] 73} Methyl chloride........| 15.0] 3.8 
19 | Bromotoluene......... 20.0 | 15.9 || 74] Methyl ethyl ketone..../ 13.9] 8.6 
20 | Butyla¢etate. gin ov 12.8 TON 7e Naphthalene. ae... 7.9 | 18.1 
21 | Butyl aleohol....:.....| 8.6 |.17.2|| 76) Nitric acid, 95%....,...) 12.8 | 13.8 
22 WSUGYTIC BELG ace cee 12.1 | 15.3) .77 | Nitric acid, 60%.,....../ 10.8) 170 
23 | Carbon dioxide........ 11.6] 0.3]| 78] Nitrobenzene...........| 10.6 | 16.2 
24 | Carbon disulfide... .... 16.1} 7.5|| 79] Nitrotoluene........... 11.0 | 17.0 
25 | Carbon tetrachloride. ..| 12.7 | 13.1 || 80] Octane................ 13.7 | 10.0 
26 | Chlorobenzene.........| 12.3 | 12.4 || 81] Octyl alcohol........... 6.6 | 21.1 
2¥~) Sohlorotornas + ste te ea. 14.4 | 10.2 || 82} Pentachloroethane...... 10.9 | 17.3 
28 | Chlorosulfonic acid..... 112 18.1 1 83) Penang cao. ees 149] 5.2 
29 | Chlorotoluene, ortho. ..| 13.0 | 13.3 || 84] Phenol................ 6.9 | 20.8 
30 | Chlorotoluene, meta....) 13.3 | 12.5 || 85 | Phosphorus tribromide. .| 13.8 16.7 
31 | Chlorotoluene, para... .| 13.3 | 12.5 || 86] Phosphorus trichloride...| 16.2 | 10.9 
32 | Cresol, meta.......... a 20.8 || 87| Propionic acid.......... 12.8 | 13.8 
33 | Cyclohexanol.......... 2.9 | 24.3 || 88 | Propyl alcohol... . 9.1| 16.5 
34 | Dibromoethane........ 12. 7| 15.8 || 89| Propyl bromide. ye ee 14.5 9.6 
35 | Dichloroethane........ 13.2 | 12.2 || 90| Propyl chloride nas coh Led. ees 
36 | Dichloromethane...... 14.6| 8.9|| 91] Propyliodide........... 14.1] 11.6 
37 Diethyl oxalate........ LOW LG 45927) Sodimmiarne een ee eee 13.9 
38 Dimethyl oxalate... ... 12.3 | 15.8 |] 93 | Sodium hydroxide, 50%..| 3.2 25.8 
Bo) Dipheny] naweas cirnewn 12.0 | 18.3 || 94] Stannie chloride. !...... 13.5 | 12.8 
40 | Dipropyl oxalate.......| 10.3 | 17.7|| 95] Sulfur dioxide.......... 15.2| 7.1 
41 | Ethyl acetate......... 13.7 | 9.1 || 96} Sulfurie acid, 110% 7.2 27.4 
42 | Ethyl alcohol, 100%. . .| 10.5 | 13.8 || 97| Sulfuric acid, 98%... 7.0 | 24.8 
43 | Ethyl alcohol, 95%....| 9.8] 14.3]| 98| Sulfuric acid, 60%... __. 10.2 | 21.3 
44 | Ethyl alcohol, 40%... .) 6.5 | 16.6 || 99) Sulfuryl chloride........) 15.2| 124 
45 Ethyl benzene, aga. | doee pli LOO Tetrachloroethane...... 11.9 15.7 
46 Ethyl bromide.........) 14.5} 8.1 || 101 | Tetrachloroethylene. . . a 14.2 12.7 
47 Ethyl chlorides aa. 14.8| 6.0|/ 102] Titanium tetrachloride. .| 14.4 12.3 
48 | Ethyl ether........... 14.5} 5.8|/103} Toluene....... val 13.7 | 10.4 
49 Ethyl LOrMAte. oven 14.2} 8.4 ]| 104 Trichloroethylene his 14.8 | 10.5 
50 Ethyl iodides. ¢..ceusk. bh bo vd) 10.0 0 1Oo ee ere OAs 11.5 14.9 
51 | Ethylene glycol........| 6.0 | 23.6 |/106| Vinyl acetate........... 14.0 8.8 
52 | Formic acid....... 10.7 | 15.8 ||107| Water......_. 10.2 | 13.0 
53 | Freon 11..............| 14.4] 9.0]]108| Xylene, ortho... |... 13.5 | 12.1 
4 | Freon 12..............| 16.8] 5.6 109| Xylene, meta... -.....1| 13.9 | 10.6 
55 reon: Zl eee eee 15.7 | 7.5||110| Xylene, para........... 13.9 | 10.9 
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Temperature 
DegC DegF 
380 
360 
180 350 
170 340 
330 
160 320 
310 
150 300 
290 
270 
130 260 
120 250 
240 
110 230 
220 30 
100 210 
200 28 
90 190 = 
80 180 
70 160 
150 22 
60 140 yy 
130 
50 120 18 
110 
40 y 16 
100 resid Fel 
90 Mimeiele Gh | alec eal eledeaiet 
a8 fl Siwislwalobedollielel lo] ae tre | 
80 
ieee ds Vel ech at ots 
70 Ricmwc ia Va tac 
20 
60 Fi AF a a 
pelnuaee tt tol ok ell 
ee see 
40 
pee CCEEEEEAEE 
20 eee eaeee 
4 
-10 Era 
10 7 el EA 
0 EEE on a 
-20 7 ie Da 
-10 0 2 iY 12 14 16 18 20 
-30 -20 


18 | 


Viscosity 
centipoises 


20 


-_ 


+ annowo 


O01 


Fic. B-2. Viseosities of liquids at 1 atm. (For coordinates see Table 4.) 
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TaBLe 5. Density, Viscosity, AND THERMAL CoNDUCTIVITY OF WATER 


Tem- Density of Viscosity | Thermal conductivity 
perature, | liquid water, | of water, * of water, f 

°F Ib/eu ft centipoises | Btu/(hr)(sq ft)(°F/ft) 
32 62.42 1.794 0.320 
40 62.43 1.546 0.326 
50 62.42 1.310 0.333 
60 62.37 1.129 0.340 
70 62.30 0.982 0.346 
80 62.22 0.862 0.352 
90 62.11 0.764 0.358 
100 62.00 0.684 0.363 
110 61.86 0.616 0.367 
120 61.71 0.559 0.371 
130 61.55 0.511 0.375 
140 61.38 0.470 0.378 
150 61.20 0.433 0.381 
160 61.00 0.401 0.384 
170 60.80 0.372 0.386 
180 60.58 0.347 0.388 
190 60.36 0.325 0.390 
200 60.12 0.305 0.392 
210 59.88 0.287 0.393 
212 59.83 0.284 0.393 











— 


* Calculated by W. L. Badger and W. L. McCabe from data in “International Critical 
Tables.” 


} E. Schmidt and W. Sellschopp, Forsch. Gebiete I ngenieurw., 3:227-286 (1932). 


TABLE 6. THERMAL ConpucTIVITY OF METALS * 


| k, Btu/(hr)(sq ft)(°F /ft) 








Metal 
At 32°F | At 212°F | At 572°F 
PN Drath 8 en a Aer 117 119 133 
Brass (70-30)}iee aoe oo 56 60 66 
CASUMTOD Reet ore clang. 32 30 26 
COpDeEriG es coe ass 224 218 212 
Lead Seacrest. 20 19 18 
INickeliteae ey. 36 34 32 
Silverteccu eee 242 238 ee 
Steel (mild) 2. iak65 3 ae 26 25 
Abt alee re UPR aoe ie ee 36 34 shes 
Wrought iron......... 4 Sa 32 28 
PANG. ace Weer sak Hak Oe 65 64 59 





* J. H. Perry, ‘‘Chemical Engineers’ Handbook,’ 3d ed., McGraw-Hill Book Com- 
pany, Inc., New York, 1950. 


TaBLeE 7. THERMAL ConpucTIVITY OF NONMETALLIC So.uips * 





Material Tempera- ky, 

" ture, °F | Btu/(hr)(sq ft)(°F/ft) 
Asbestos-cement boards............ 68 0.48 
Bricks: 

TU tee Ps cs con eas 68 0.40 

PIP RUGVR ae fw hiele ted a atatolens dara 392 0.58 

1832 0.95 

BL Chal Glee unre aiaios cine ta. a em: « 400 0.042 
Calcium carbonate (natural)........ 86 1.3 
Calcium sulfate (building plaster)... 77 0.25 
(Grass hess 2 is ARO mi Cen Re 86 0.12 
Cemeretedstone) thee essay Ramla 0 ae ae 0.54 
Marke boslG ieee eee tln reisas 86 0.025 
eG Le ere eae eae ies os 28 86 0.03 
CHaee WANG cs aks eae vec a'ey = ee 0.3-0.61 
PEMUIEER CURT) Serato recy eae ao ated aos 32 0.087 
Wood (across grain): 

Male eg eek ke tae ewe meg 122 0.11 

A )ei le th tars eee tans cee anwta voting haere 59 0.12 

DG Pe ee aha Sip | 59 0.087 

| 





* J. H. Perry, “Chemical Engineers’ Handbook,” 3d ed., McGraw-Hill Book Com- 


pany, Inc., New York, 1950. 
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TaBLE 8. THERMAL ConpuctiviTy oF Liquips * 


NN ——$—————— 





rea Tempera- k, 
ae — ture, °F | Btu/(hr)(sq ft)(°F/ft) 
Acetic acid: 

LOO Cech hana os dune. casa eee 68 0.099 
BOG ets © oxinste aca tenan tera eke 68 0.20 
A Getone occa ak eos Ss mieten a ene 86 0.102 

167 0.095 
Benzelie ate ce ee oe ees eee 86 0.092 
140 0.087 
Ethyl alcohol: 
LOO 4 6 or oentne acres intial? 68 0.105 
122 0.087 
AO etna ee oem tin, eel eae 68 0.224 
Ethylene givcolea. 01.25.75 32 0.153 
Glycerol: 
LOO Serta Sabon cee eae 68 0.164 
22 0.164 
AO tae Se, Bote NR eee cage 68 0.259 
n-HeEDtADE A. : u5.cates a ee ee 86 0.081 
INGrOSeNlGe ete tae ce Stare rene 68 0.086 
Methyl] alcohol: 
TO Gi Reet acne enhee ae ee 68 0.124 
122 ORL 
BOG. cas aie hayes Pe Rese es ee 68 0.234 
NAO GtATIGH A Meee easier  ee 86 0.083 
Sodium chloride brine, 25%........ 86 0.330 
Sulfuric acid: 
O09... sees 32 ote eee oe 86 0.210 
SO Gish tae oe ee ae wert ieee | 86 0.300 
SLOWED EG Haas sot o ee ere ere 86 0.086 
Wester <1. ert cette. eri cc ie ren a 32 0.320 
200 0.392 








* J. H. Perry, “Chemical Engineers’ Handbook,” 3d ed., McGraw-Hill Book Com- 
pany, Inc., New York, 1950. 
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TasBiLe 9. THERMAL Conpuctivity or GasEs * 


sss 





Css Tempera- k, 
ture, °F | Btu/(hr)(sq ft)(°F/ft) 
PATE Bete Nh ice sonia Me Maly womens ales e s 32 0.0140 
212 0.0183 
392 0.0226 
PR RUMITLODNIN once tts Boke apie ws xs 32 0.0128 
122 0.0157 
ETI! AHORIIG ea wie tise’ ees see 32 0.0085 
212 0.0133 
AUMOPITIG coz Sv s Bee: ce ae 32 0.0043 
PvOrTOp ene cried ese ene aku 32 0.100 
212 0.129 
LORMAN Mere ars «ea aac ceree aes ows. seeks 32 0.0175 
122 0.0215 
INT CRHNNIGS Wits oan Slee ss hs eS 32 0.0140 
212 0.0180 
MERU OCI Rebtaeis a is ce cris nek se eee a 32 0.0142 
212 0.0185 
PRIETO On it fer va waa eeg 32 0.0050 
212 0.0069 
UCT VAD DOL Mae ae orth eee te Me ttyele see t 200 0.0159 
600 0.0256 
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* J. H. Perry, ‘‘Chemical Engineers’ Handbook,” 3d ed., McGraw-Hill Book Com- 
pany, Inc., New York, 1950. 
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4.0 
1 
2 
. 3.0 
p 
Cp = Heat capacity = Btu/(/b) (deg F) = cal/(g) (deg C) 
2.0 
Deg C 
fe) 
100 
200 
u 1.0 
300 “ 0.9 
400 6 ie 
14 0.7 
Acetylene 
500 Acetylene 200- 400 8 0.6 
Acetylene 400 -1400 
600 Air 0 -1400 O17 tes 
Ammonia oO - 600 ; 
700 Ammonia 600 -1400 
Carbon Dioxide 0 - 400 
Carbon Dioxide 400-1400 | 4 20 0.4 
800 Carbon Monoxide O -1400 oO 19 21 0 
Chlorine O - 200 Oo On 
Chlorine 200 -1400 23 
sink Ethane 0 - 200 [e) ra 26 28 0.3 
Ethane 200 - 600 25 27 
1000 Ethane 600 -1400 29 
Ethylene 0 - 200 30 
1100 Ethylene 200 - 600 
Ethylene 600 -1400 3 -0.2 
Reth Freon - 11 (CCI3F) 0 - 150 $ 
Freon ~ 2! (CHCIoF) 0 =5150 
Freon ~22(CHCIF>) DiE-s 150 
1300 Freon -113(CCI,F-CCIF,) | O - 150 3 
Hydrogen 0 - 600 
1400 Hydrogen 600 -1400 340 
Hydrogen Bromide -1400 
Hydrogen Chloride -1400 mS 
Hydrogen Fluoride -1400 0.1 
Hydrogen Iodide -1400 0.09 
Hydrogen Sulfide - 700 
Hydrogen Sulfide 700 -1400 36 0.08 
Methane 0 - 300 re) 0.07 
Methane 300 - 700 : 
Methane 700 -1400 
Nitric Oxide 0 - 700 0.06 
Nitric Oxide 700 -1400 
Nitrogen 0 -1400 0.05 


Oxygen Oo - 500 
Oxygen 500 -1400 
Sulfur 300 -1400 
Sulfur Dioxide O - 400 
Sulfur Dioxide 400 -1400 
Water O ~-1400 





Fia. B-38. Heat capacities c, of gases at 1 atm pressure. (J. H. Perry, “Chemical Engi- 
neers’ Handbook,” 3d ed., McGraw-Hill Book Company, Inc., New York, 1950.) 


Temperature 


200 


-50 


~100 


Fia. 


3d ed., 


APPENDIX B 
Heat copacity = Btu / (1b) (deg F) = cal (g/ (deg C) 


Acetic Acid 100 % 
Acetone 

Ammonia 

Amy! Alcohol 
Amyl Acetate 
Aniline 

Benzene 

Benzyl Alcohol 
Benzyl! Chloride 
Brine, 25 % CaCl 
Brine, 25 % NaCl 
Butyl Alcohol 
Carbon Disulfide 
Carbon Tetrachloride 
Chlorobenzene 
Chloroform 
Decane 
Dichloroethane 
Dichloromethane 
Diphenyl 
Diphenylmethane 
Dipheny! Oxide 
Dowtherm A 
Ethyl Acetate 
Ethyl Alcohol 
Ethyl Alcohol 
Ethyl Alcohol 
Ethyl Benzene 
Ethyl Bromide 
Ethyl Chloride 
Ethyl Ether 

Ethyl lodide 
Ethylene Glycol 


Deg C 


150 


On 


100 





50 









Freon- 11(CCI3F) 
Freon- 12(CCIpF2) 
Freon- 21 (CHCIF) 
Freon- 22(CHCIF,) 
Freon- 113 (CIF = CCIF,) 
Glycerol 

Heptone 

Hexane 

Hydrochloric Acid, 30% 
Isoamyl Alcohol 

lsobutyl Alcohol 
Isopropyl! Alcohol 
Isopropyl Ether 

Methyl Alcohol 

Methyl Chloride 
Naphthalene 
Nitrobenzene 

Nonane 

Octane 

Perchlorethylene 

Propy! Alcohol 

Pyridine 

Sulfuric Acid 98% 
Sulfur Dioxide 

Toluene 

Woter 

Xylene Ortho 

Xylene Meta 

Xylene Pora 







O50 





























B-4. Heat capacities of liquids. 


McGraw-Hill Book Company, Inc., New York, 


Heot 


capacity 


O51 


530 


1950.) 


0.2 


0.3 


0.4 


0.5 


0.6 


0.7 


0.8 


0.9 


1.0 


(J. H. Perry, “Chemical Engineers’ Handbook,” 
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Tasie 10. Sprciric GRAVITIES OF Liquips * 


The values presented in this table are based on the density of water at 4°C and a 


total pressure of 1 atm. 


density of material at indicated temperature 





Specific gravity = 


Density of liquid water at 4°C = 1.000 g/cu em = 62.43 lb/cu ft 


Pure liquid 





AGELBIGENVOG. 2.4 AautNdaet Ct ant older 
PACOUMG RCI 2.) perder ames a cerca 


ACETONE - cased scm ee tee tear eet 
BENnZeneG vaca eee cae ieee see 
m- Butyl alcohol. aan utseoesauns ee ve 
Carbon tetrachloride.............. 
Ethyl alcohol oy.7. acow ee ae. 


PUY OtNOE.) ven ee e eee 
Hihyiene glycol Ae. <4. 47 fen es 
SRIVCENG] Journ warp ee ene ckiie cae 


FSODUGML BICODOL, oc stk es wn oa. os 
Isopropyl alcohol................. 


Methyl alcohols. es suv sae hak 


VIGO BC oat ce ee ee 


density of liquid water at 4°C 





: : Tempera- 
Formula ture, °C 

CH3;CHO 18 
CH3COsH 0 
30 

CH3COCH3 20 
CeHe 20 
CoH;CH2CH2,OH 20 
CCl 20 
CH3CH20H 10 
30 

(CH3CH2)20 25 
CH20H -CH2,0H 19 
CH2OH-CHOH-CH20H 15 
30 

(CH3)2CHCH2OH 18 
(CH3)2CHOH 0 
30 

CH;0H 0 
20 

HNO; 10 
30 

CsH;0H 25 
CH3CH2CH»OH 20 
HeSO,4 10 
30 

H20 4 
100 


Specific 
gravity 


OrMrFFKH OFF FP OOCOOCOFRrRFRFrFOCORFRCOORHO 


183 
.067 
.038 
. 792 
.879 
.810 
.995 
. 798 
2191 
. 708 
.113 


264 


255 
.805 
.802 
ay 4 
.810 
192 
531 
.495 
.071 
804 
.841 
.821 
.000 
.958 


$A 


* J. H. Perry, “Chemical Engineers’ Handbook,” 3d ed., McGraw-Hill Book Com- 


pany, Inc., New York, 1950. 
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TABLE 11. Sprctric GRAVITIES OF SoLips * 


The specific gravities as indicated in this table apply at ordinary atmospheric tem- 
peratures. The values are based on the density of water at 4°C, 


; ; density of material 
Specific gravity = M 





density of liquid water at 4°C 


Density of liquid water at 4°C = 1.000 g/cu em = 62.43 lb/cu ft 





Substance Specifie gravity 

Aluminum, hard-drawn................. 2.55-2.80 
Brags, Casb-rOMGG aetinraar ices ease 8.4-8.7 
DOppermceet-rolled f260 04 nadicm ns wok ee ee 8.8-8.95 
(lS COMION eee ters a metres rere ens cs 2.4-2.8 
Gold. Cast-pammered.- cece. eee 19.25-19.35 
Iron: 

Ieee ai ta Ao A eon ee Eee 7.03-7.13 

N\AMOLVT ATi rake anaconda ce mci ears 7.6-7.9 
[isi linen ee tee es elton feat tacts Peeters 11.34 
pee tag 08 A ere Sh ie es 8.9 
Platinum, cast-hammered............... 21.5 
Silver Sasi-lamimnered:, Go). <5 6 edie ee ses 10.4-10.6 
SPCR COLOMTER Wiig, o1, set sald n-eiy pan ee wes 7.83 
Pitta CRM UAIOORE 5 5 louse vv See «ke 7.27.5 
White oak timber, air-dried..,.......... 0.77 
White pine timber, air-dried............ 0.43 
PAbaren Tots ts io) I's Boe, is es Ee A ain Sie aie 6.9-7.2 





* J. H. Perry, “Chemical Engineers’ Handbook,” 3d ed., McGraw-Hill Book Com- 
pany. Inc., New York, 1950. 
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TABLE 12. PROPERTIES OF SATURATED STEAM * 


Values in table based on zero enthalpy of liquid water at 32°F 
a 


Enthalpy 
Tempera- Absolute Volume of Latent heat 
ture, pressure, vapor, ; of evaporation, 
°F psi cu ft/lb Liquid, Vapor, Btu/Ib 


Btu/lb Btu/Ib 


pS | a | | 


32 0.0885 3306 0.00 1075.8 1075.8 
35 0.0999 2947 3.02 1077.1 1074.1 
40 0.1217 2444 8.05 1079.3 1071.3 
45 0.1475 2036 .4 13.06 1081.5 1068 . 4 
50 0.1781 1703 .2 18.07 1083.7 1065.6 
55 0.2141 1430.7 23.07 1085.8 1062.7 
60 0.2563 1206.7 28 .06 1088 .0 1059.9 
65 0.3056 1021.4 33.05 1090 .2 1057.1 
70 0.3631 867.9 38.04 1092.3 1054.3 
75 0.4298 740.0 43.03 1094.5 1051.5 
80 0.5069 633.1 48 .02 1096.6 1048.6 
85 0.5959 543.5 53.00 1098.8 1045.8 
90 0.6982 468 .0- 57.99 1100.9 1042.9 
95 0.8153 404.3 62.98 1103.1 1040.1 
100 0.9492 350 .4 67.97 1105.2 1037 .2 
105 1.1016 304.5 72.95 1107.3 1034.3 
110 1.2748 265.4 77.94 1109.5 1031.6 
115 1.4709 231.9 82.93 L11E1L;6 1028.7 
120 1.6924 203.27 87.92 1113.7 1025.8 
125 1.9420 178.61 92.91 1115.8 1022.9 
130 2.2225 157.34 97.90 1117.9 1020.0 
135 2.5370 138.95 102.90 1119.9 1017.0 
140 2.8886 123.01 107.89 1122.0 1014.1 
145 3.281 109.15 112.89 1124.1 1011.2 
150 3.718 97 .07 117.89 1126.1 1008 .2 
155 4.203 86.52 122.89 1128.1 1005.2 
160 4.741 77.29 127.89 1130.2 1002.3 
165 5.335 69.19 132.89 1132.2 999.3 
170 5.992 62.06 137.90 1134.2 996.3 
175 6.715 55.78 142.91 1136.2 993.3 





: * Abridged from ‘“Thermodynamic Properties of Steam,” by J. H. Keenan and F. G 
Keyes, copyright, 19387, by Joseph H. Keenan and Frederick G. Keyes. Published by 
John Wiley & Sons, Inc., New York. P 
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TaBLe 12. PRopeRTIES oF SATURATED STEAM (Continued) 


——————“—A Sees 
Enthalpy 





Tempera- Absolute Volume of Latent heat 
ture, pressure, vapor, of evaporation, 
°F psi cu ft/lb Liquid, Vapor, Btu/lb 


Btu/Ib Btu/lb 


--—_—___ |—_——————————__ |- | | 











180 7.510 50.23 147.92 | 1138.1 990.2 
185 8.383 45.31 152.93 | 1140.1 987.2 
190 9.339 40.96 157.95 | 1142.0 984.1 
195 10.385 37.09 162.97 | 1144.0 981.0 
200 11.526 33.64 167.99 | 1145.9 977.9 
210 14.123 27.82 178.05 | 1149.7 971.6 
212 14.696 26.80 180.07 | 1150.4 970.3 
220 17.186 23.15 188.13 | 1153.4 965.2 
230 20.780 19.382 | 198.23 | 1157.0 958.8 
240 24.969 16.323 | 208.34 | 1160.5 952.2 
250 29.825 13.821 | 218.48 | 1164.0 945.5 
260 35.429 11.763 | 228.64 | 1167.3 938.7 
270 41.858 10.061 | 238.84 | 1170.6 931.8 
280 49.203 8.645 | 249.06 | 1173.8 924.7 
290 57.556 7.461 | 259.31 | 1176.8 917.5 
300 67.013 6.466 | 269.59 | 1179.7 910.1 
310 77.68 5.626 | 279.92 | 1182.5 902.6 
320 89.66 4.914 | 290.28 | 1185.2 894.9 
330 103.06 4.307 | 300.68 | 1187.7 887.0 
340 118.01 SARS) BVA) 1. TI90.A 879.0 
350 134.63 3.342 | 321.68 | 1192.3 870.7 
360 153.04 2.957 | 332.18 | 1194.4 862.2 
370 173.37 2.625 | 342.79 | 1196.3 853.5 
380 195.77 2.335 | 353.45 | 1198.1 844.6 
390 220.37 2.0836 | 364.17 | 1199.6 835.4 
400 247.31 1.8633 | 374.97 | 1201.0 826.0 
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TaBLE 13. H®BAT-EXCHANGER AND CoNDENSER-TUBE DATA 


Surface per 





Tube Wall Flow area lin ft, sq ft Weight 
OD, BWG|_ thick- ID, in. | per tube, = per lin ft, 
in. ness, in. 


sq in. | lb steel 
; Outside Inside 



































4 12 0.109 0.282 0.0625 0.13809 0.0748 0.493 
14 0.083 0.334 0.0876 0.1309 0.0874 0.403 
16 0.065 0.370 0.1076 0.1309 0.0969 0.329 
18 0.049 0.402 0.127 0.1309 0.1052 0.258 
20 0.035 0.430 0.145 0.1309 0.1125 0.190 
34 10 0.134 0.482 0.182 0.1963 0.1263 0.965 
11 0.120 0.510 0.204 0.1963 0.1335 0.884 
12 0.109 0.532 0.223 0.1963 0.1393 0.817 
13 0.095 0.560 0.247 0.1963 0.1466 0.727 
14 0.083 0.584 0.268 0.1963 0.1529 0.647 

15 0.072 0.606 0.289 0.1963 0.1587 0.571 
16 0.065 0.620 0.302 0.1963 0.1623 0.520 
1 0.058 0.634 0.314 0.1963 0.1660 0.469 

18 0.049 0.652 0.334 0.1963 0.1707 0.401 

1 8 0.165 0.670 0.335 0.2618 0.1754 1.61 
9 0.148 0.704 0.389 0.2618 0.1843 1.47 

10 0.134 0.732 0.421 0.2618 0.1916 1.36 

11 0.120 0.760 0.455 0.2618 0.1990 1.23 

12 0.109 0.782 0.479 0.2618 0.2048 1.14 

13 0.095 0.810 0.515 0.2618 0.2121 1.00 
14 0.083 0.834 0.546 0.2618 0.2183 0.890 

15 0.072 0.856 0.576 0.2618 0.2241 0.781 
16 0.065 0.870 0.594 0.2618 0.2277 0.710 
17 0.058 0.884 0.613 0.2618 0.2314 0.639 
18 0.049 0.902 0.639 0.2618 0.2361 0.545 

1% 8 0.165 0.920 0.665 0.3271 0.2409 2.09 
9 0.148 0.954 0.714 0.3271 0.2498 1.91 

10 0.134 0.982 0.757 0.3271 0.2572 1.75 

11 0.120 1.01 0.800 0.3271 0.2644 1.58 

12 0.109 1.03 0.836 0.3271 0.2701 1.45 

13 0.095 1.06 0.884 0.3271 0.2775 1.28 

14 0.083 1.08 0.923 0.3271 0.2839 1.13 

15 0.072 ean 0.960 0.3271 0.2896 0.991 
16 0.065 1.12 0.985 0.3271 0.2932 0.900 
17 0.058 1.13 1.01 0.3271 0.2969 0.808 
18 0.049 1.15 1.04 0.3271 0.3015 0.688 
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TaBLeE 13. HAT-EXCHANGER AND CONDENSER-TUBE DATA (Continued) 
ee ee eee 


Tube Wall 
OD, BWG|_ thick- 
in. ness, in. 
Ilo 8 0.165 
9 0.148 

10 0.134 

11 0.120 

12 0.109 

13 0.095 

14 0.083 

15 0.072 

16 0.065 

iid) 0.058 

18 0.049 





ID, in. 


ee 


Tiled 
.20 
.23 
.26 
.28 
ol 
33 
36 
7 
.38 
40 


Flow area 
per tube, 


Sq in. 


ee ee ee ee 


075 
14 
oh!) 
.25 
.29 
39 
.40 
44 
47 
.50 
.O4 


Surface per 
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lin ft, sq ft Weight 
per lin ft, 
lb steel 
Outside Inside 
0.3925 0.3063 2.57 
0.3925 0.3152 2.34 
0.3925 0.3225 2.14 
0.3925 0.3299 1.98 
0.3925 0.3356 Bae 
0.3925 0.3430 1.56 
0.3925 0.3492 1.37 
0.3925 0.3555 1.20 
0.3925 0.3587 1.09 
0.3925 0.3623 0.978 
0.3925 0.3670 0.831 
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TABLE 14. STeEL-PIPE DIMENSIONS 


= eae ee 








Nom- Surface per 
inal Sched- Flow area lin ft, sq ft Weight 
pipe OD, in. ule ID, in. per pipe, per lin ft, 
size No. sq in. lb steel 
in. Outside | Inside 
Y% 0.405 40 * 0.269 0.058 0.106 0.070 0.25 
80 Tf 0.215 0.036 0.106 0.056 0.32 
Y% 0.540 40 0.364 0.104 0.141 0.095 0.43 
80 0.302 0.072 0.141 0.079 0.54 
3% 0.675 40 0.493 0.192 OTT 0.129 0.57 
80 0.423 0.141 ee Bt 9 Wadi 0.74 
M% 0.840 40 0.622 0.304 0.220 0.163 0.85 
80 0.546 0.235 0.220 0.143 1.09 
34 1.05 40 0.824 0.534 0.275 0.216 1.13 
80 0.742 0.4382 0.275 0.194 1.48 
1 1.32 40 1.049 0.864 0.344 0.274 1.68 
80 0.957 0.718 0.344 0.250 pelle | 
14 1.66 40 1.380 1.50 0.435 0.362 2.28 
80 1.278 1.28 0.435 0.335 3.00 
1% 1.90 40 1.610 2.04 0.498 0.422 2.¢2 
80 1.500 Vege 0.498 0.393 3.64 
2 2.38 40 2.067 3.35 0.622 0.542 3.66 
80 1.939 2.95 0.622 0.508 5.03 
21% 2.88 40 2.469 4.79 0.753 0.647 5.80 
80 2.323 4.23 0.753 0.609 7.67 
3 3.50 40 3.068 7.38 0.917 0.804 7.58 
80 2.900 6.61 0.917 0.760 10.3 
4 4.50 40 4.026 1 Ter 6 1.178 1.055 10.8 
80 3.826 LInG 1.178 1.002 15.0 
6 6.625 40 6.065 28.9 1.734 1.590 19.0 
80 5.761 26 .1 1.734 1.510 28.6 
8 8.625 40 7.981 50.0 2.258 2.090 28.6 
80 7.625 45.7 2.258 2.000 43.4 
10 10.75 40 10.02 78.8 2.814 2.62 40.5 
60 9.75 74.6 2.814 2.55 54.8 
12 12.75 30 12.09 115 3.338 3.17 43.8 
16 16.0 30 15.25 183 4.189 4.00 62.6 
20 20.0 20 19.25 291 5.236 5.05 78.6 
24 24.0 20 23.25 425 6.283 6.09 94.7 

















* Schedule 40 designates former ‘“‘standard’’ pipe. 
t Schedule 80 designates former “‘extra-strong’’ pipe. 
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ag ae Sym- | Atomic | At 

bol | weight | no. 

PAOTINTUT Ys eis -cie. «po Ac 227 89 
Aliminum®:. 222.5. Al 26.98 13 
Americium........ Am | 243 95 
Antimony.” ....... Sb 12 Oa! 
PATON A oe © cies A 39.944 | 18 
AT SOUIOH A ae ea ey As 74.91 39 
AStALINGM: lane)”, At 210 85 
SST ieee ey fe, fo Ba 137.36 | 56 
Berkelium......... Bk 249 97 
pL a a Be 9.013} 4 
lever ile, ot oe a be Bi 209.00 | 83 
IBOrantes nos oe B 10.82 5 
Bromine... seer.l0 br 79.916 | 35 
Cadmium......... Cd 1124.1 S48 
Coa CWI Soars ot oe Ca 40.08 | 20 
Californium....... . Ci 249 98 
Carbon C 12 01ds 36 
Gentimeste te eat Ce 140.13 | 58 
Cesium. .% <6 <5. 3 Cs 132.91 ih 
(hiOring. sso. seo ote Cl 35.457 | 17 
CAUOMII ee eer 52.01 24 
(Coy eCH hh Bene ae Betad Co 58.94 | 27 
END DET a Ais. ees Cu 63.54 | 29 
Curiiiieees coe ee Cm | 245 96 
Dysprosium....... Dy | 162.51 | 66 
(Qi eyibiiine, & Sere Se Er 167.27 | 68 
[Oppresyertevoee re ae Eu_ | 152.0 63 
Wlaorine, .. 2... F 19.00 9 
Hranchme yee er 223 87 
Gadolinium........ Gd_ | 157.26 | 64 
MCyallliini? oa. Acree Ga 69.72 | 31 
Germanium........ Ge PPA | Ay 
Excite ae et ae ed Au 197.2 79 
PA StTECLINL or peroeeiaee Hf 178.50 \9%2 
Helium He 4.003 | 2 
Glas. eee sie ee Ho 164.94 | 67 
Hydrogen, 22 6.35 6+ H 1.0080} 1 
Indium In 114.82 | 49 
Afar thats), & ehh, Sk oe I 126.91 | 53 
(batettervek- > sre maeame Ir 193.2 aa 
ron 8 eee a Fe HOS 20 
BPV Ollie sees e 2 Kr 83.80 | 36 
Lanthanum........ La 138.92 | 57 
ead tc es ree cl. Pb 207.21 | 82 
TUN eee eee Li 6.940] 3 
Pritetiuniies.s noe ci Lu 174.99 | 71 
Magnesium........ Mg 24.382 | 12 
Manganese........| Mn 54.94 | 25 
MSrCUTY 1:5 se Hg | 200.61 | 80 











INTERNATIONAL ATOMIC WEIGHTS * 








Bikicta ne Sym- | Atomic | At. 

bol | weight | no 

Molybdenum....... Mo 95.95 | 42 
Neodymium........}| Nd | 144.27 | 60 
Neon.. PO eae Ne 20.183 | 10 
Neptunium........ Np~ 1237 93 
INiékele eae, eee) Ni DS: (12 1.28 
INiGbiwmve ee eee Nb 92.91 41 
Nigromans 2.45% P< 5s; N 14.008 | 7 
Oaminiivice eee eee Os 190.2 76 
Oxygen oi 28th ess O 16 8 
Paladins eae Pd 106.4 46 
Phosphorus........ le 30.975 | 15 
Plghiniimner sae Bt 195.09 | 78 
Pintoniimn se Pu 242 94 
Polontume eee oe Po 210 84 
Potaseiimes ee one K 39.100 |} 19 
Praseodymium.....} Pr 140.92 | 59 
Promethium,...... Pm | 145 61 
Protactinium....... Pa 231 91 
Radiimane. ee Rae 226.05 188 
Radonc eee Rn |222 86 
Rihentum se aes: Re 186.22 | 75 
Rhodiim=.-..5 ee Rh | 102.91 | 45 
Rubidium....... Rb 85.48 | 37 
Ruthenium. eee Ru _ | 101.1 44 
Samarium......... Sm | 150.35 | 62 
Scandiumes sae te Se 44.96 | 21 
Selenium.......... Se 78.96 | 34 
SLIGON ee ee Si 28.09 14 
SI Ven ety mua Coes Ag 107.880 | 47 
SoOGiUM: gece Na 22.991 | 11 
SOrOUbIC Te eee Sr 87.63 | 38 
Sulfitnecer ie. ne Ss 32.066 | 16 
ante liniaeee ce Ta 180.95 73 
Technetium........ Te 99 43 
AW Vibha ibbrcts ee Seren ope Te 127.61 52 
arbitinise sre ee Lb 158.93 | 65 
Pha ligne eae ee Tl 204.39 | 81 
AM aXerahbhenen Rov ek Th 232.05 | 90 
ANION ea ee Tm | 168.94 69 
Tima bee eee Sn 118.70 | 50 
EENtAnuTn oe ee Ain 47.90 | 22 
Tungsten (wolfram) | W 183.86 | 74 
Wraniim sone keealy le 238.07 | 92 
VanaGiumi.. ose) AY 50.95 | 23 
MONON eee oe ee en Xe 131.30 | 54 
Withernsea see Y Dee 7a.049 70 
Pan eINDET = ee en ve 88.92 | 39 
VAD GOL piactiey. Seer Zn 65.38 | 30 
ZATGOMIUM ee Zr 91.22 | 40 





* J. Am. Chem. Soc., 78:3235 (1956). 
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proprietorship in, 123 
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Acids in water pollution, 205 
Administrative costs, 12-13, 23-24 
Agitated reactor tanks, cost of, 439 
Agitated tanks, cost of, 300 
power requirements for, 3017. 
Air, analysis of, 473 
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power requirements for, 295-296 
Air-displacement systems, 284, 292-294 
Air lift, 292-293 
Air pollution, 202-208 
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433-436 
Alkalies in water pollution, 205 
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Aluminum, as constructional material, 244 
stress values for, 301 
Aluminum pipe, cost of, 279 
Amortization, 547. 
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Anaerobic decomposition in water, 205- 
207 
Annuity, amount of, definition, 33-34 
deferred, definition, 35 
definition of, 32-35 
ordinary, 33 
present value of, 34 
Annuity due, 33, 35 
in depreciation calculations, 65n. 
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Applications, patent, 198 
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Assets, in accounting, 123 
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Assignment of patent rights, 199 
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Assumptions in design, 9 
Atomic weights, international, 495 
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338 
Bailee’s liability, 50 
Balance sheet, 123, 125 
Barometric-leg pumps, 284, 294 
Batch versus continuous operation, 178 
Ber] saddles, 399-400 
cost of, 417 
physical properties of, 401 
Biochemical oxygen demand (BOD), de- 
termination of, 206-207 
Biofilter, 207 
Black steel pipe, cost of, 279 
Blowers, cost of, 297 
Blowing costs, 153 
Boiling liquids, heat-transfer coefficients 
for, 323 
Bonds, interest rates on, 39 
Book value, 59, 85-87 
Brake horsepower for pumps, 290-291 
Brass pipe, cost of, 279 
Break-even point, 14-15 
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Bubble-cap towers, 369-370 
allowable vapor velocity in, 387-390 
cost of components of, 415-418 
modified, 396-397 
plate efficiencies in, 390-396 
relative merits of packed towers and, 
413-414 
specifications for, 235 
Bubble-cap trays, construction details, 
369, 372-373 
cost of, 416 
downcomers and weirs in, 376-378 
entrainment with, 375-376 
liquid flow patterns for, 373-375 
liquid gradient over, 375 
pressure drop over, 379-387 
spacing of, 376 
stability of, 378 
static submergence for, 377 
Bubble caps, relative dimensions of, 372 
slot velocities in, 372 
types of, 369-371 
Buildings, cost of, 97-98 


Calculations in reports, sample, 219 
Capacity, unit of, for estimating capital 
investment, 102 
Capital, cost of, 40-41 
source of, 38-40 
working, 11, 92 
Capital gains, taxes on, 17, 48 
Capital investments (see Investments) 
Capital ratio, 104 
Capitalized costs, 35-37 
comparison of alternative investments 
by, 37, 81-84 
Cascade flow in mass-transfer equipment, 
374-375 
Cash ratio, 124 
Cast iron, austenitic, composition of, 
240 
Cement pipe, cost of, 279 
Centrifugal pumps (see Pumps) 
Centrifugal separators, cost of, 438 
Characteristic curves for centrifugal 
pumps, 289-290 
Chemical Abstracts, references from, 174— 
175 
Chemical hazards, 189-191 
Classified accounts for depreciation, 68 
Clearance, skirt, 370 
of tubes in heat exchangers, 334 
Coal, cost of, 12 
Coefficients of heat transfer (see Heat- 
transfer coefficients) 
Color code for piping systems, 273 
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Combination method for determining 
depreciation, 62 
Commercial-development plant, defini- 
tion of, 3 
Common stock, dividend rates on, 39 
return on, 75 
Company policies, effect of, on cost, 15-16 
Comparison, investment, 7, 71-90 
by capitalized costs, 37 
of processes, 177-179 
Composite accounts for depreciation, 68 
Compound amount, 28-29 
Compound interest, definition of, 28-29 
Compound-interest factor, definition of, 29 
table for, 30 
Compressibility exponent of cake for fil- 
tration, 427 
Compressible fluids and energy-balance 
applications, 267—268 
Compressors, cost of, 297 
gas, 294-296 
efficiencies for, 294-295 
power requirements for, 295-296 
Condensation, heat-transfer coefficients 
for, 323, 325 
Condensers, optimum flow rate of cooling 
water in, 157-160 
Conduction heat transfer, 307-308 
Conductivity, thermal (see Thermal con- 
ductivity) 
Constants, common, list of, 473 
Construction, cost of, 99 
references for, 116-117 
of plant, 174 
Constructional materials, 238-251 
metals, 239-245 
nonmetals, 245-248 
references for, 251n. 
table for corrosion resistance, 248-251 
Contingencies, allowance for, 25 
for capital investment, 99 
in product cost, 109n. 
Continuous versus batch operation, 178 
Contraction, friction due to, 262-264 
Contractor’s fee, 99 
Convection heat transfer, 307-309 
Conversion factors, list of, 471-473 
Copper, as constructional material, 243-— 
244 
stress values for, 301 
Cost accounting (see Accounting) 
Cost estimation, 8, 91-120 
predesign, 8, 91 
references for, 113-120 
(See also specific designations) 
Cost indexes, 104-107 
variation with time, 16-17 
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Cost-of-sales accounts, 130-131 
Costs, administrative, 12-13, 23-24 
blowing, 153 
capitalized, 35-37, 81-84 
development, 24 
fixed, 12-13, 20, 117 
manufacturing, factory, 11-13, 108-109 
operating, 143 
organization, 143 
production, direct, 12-13, 21-22 
research, 24 
shipping, 118 
superproduction, 143 
supervisory, 143 
(See also specific designations) 
Couplings, cost of, 415 
Credits in bookkeeping, 127 
Criminal liability, 49-50 
Critical temperature difference, 323 
Current assets, 124 
Current-average method for materials 
accounting, 132 
Current-carrying capacity of copper wire, 
194 
Current liabilities, 124 
Current ratio, 124 
Cyanides, removal of, from water, 208 
Cyclic operations, optimum conditions for, 
145-153 


Debits in bookkeeping, 127 
Declining-balance method for deter- 
mining depreciation, 61—64 
Deferred annuity, definition of, 35 
Density of water, 482 
Depletion, 56 
Depreciation, definition of, 20, 54 
functional, 55-56 
income-tax regulations on, 68-69 
methods for determining, 59-63 
combination, 62-63 
comparison of, 68-69 
declining-balance, 61—64 
double, 63, 69 
fixed-percentage, 61 
present-worth, 67 
service-output, 60 
sinking-fund, 34-35, 64-67 
straight-line, 60-63 
sum-of-the-years-digits, 60, 64 
unit-of-production, 60 
physical, 55-56 
purpose of, 55 
reserve for, 124 
single-unit, 68 
Depreciation accounts, adjustment of, 68 


Depreciation accounts, classified, 68 
composite, 68 
vintage-group, 68 
Design, detailed-estimate, 171-174 
of equipment, 231 
(See also specific designations) 
optimum (see Optimum design) 
practical considerations in, 7 
preliminary, 171-174 
scale-up factors for, 236-237 
structural, 196 
types of, 171-172 
Design project, development of, 2—4 
Design-project procedure, 172-174 
Design report, 209 
Detailed-estimate design, 171-174 
Detailed-item estimate of capital invest- 
ment, 100 
Development costs, 24 
Diagrams, flow (see Flow diagrams) 
Diffusivity, thermal, 317 
Direct-current motors, 195 
Direct production costs, 12-13, 21-22 
Direct supervisory and clerical labor costs, 
21 
Dirt factors in heat exchangers, 313-314 
Discount, definition of, 33 
Discounted-cash-flow method for return on 
investment, 74n., 75n. 
Distillation, equipment for (see specific 
designation) 
Distillation tower, feed-tray location, 8 
optimum reflux ratio for, 160-165 
Distribution of liquid in packed towers, 
402-403 
Distribution and selling expenses, 12-13, 24 
Double-entry bookkeeping, 127 
Downcomers in mass-transfer equipment, 
376-378 
liquid head in, 384-387 
Dryers, cost of, 418 
design methods for, 418 
Duriron, composition of, 240 


Economic life, 56 
Economic lot size, 142-153 
Economic pipe diameter, 274-278 
(See also Pipe, sizing of) 
Economic velocities for steel pipe, 274-275 
Economics, definition of, 17. 
Effective interest rate, 31-32 
Efficiency, of centrifugal pumps, 290-291 
of electric motors, 290-291 
of gas compressors, 294-295 
hydraulic, definition of, 287 
joint, for welds, 301 
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Efficiency, plate, in bubble-cap towers, 
390-396 
pressure, definition of, 287 
of reciprocating pumps, 287 
volumetric, definition of, 287 
Hjectors, jet, 293-294 
Electric motors, cost of, 297 
efficiency of, 290-291 
Electrical installations, cost of, 97 
Electrical power transmission, 193-194 
Electrical wiring, 193-194 
Electricity, cost of, 112 
Electromotive series of metals, 246 
Emissivity, definition of, 309 
of various surfaces, 310-312 
Energy balance, application to compres- 
sible fluids, 266-270 
mechanical-, 257-258 
applications of, 265-266, 268-270 
friction in, 258-264 
total-, 257-258 
applications of, 267-268 
Engineering and construction, cost of, 99 
Engineering News-Record cost index, 105- 
106 
Entrainment with bubble-cap trays, 375— 
376 
Equipment, cost of, references for, 115- 
116 
design of, 231 
scaling up in, 286-237 
(See also specific designations) 
fabrication of, 251-254 
installation cost, 94 
labor requirements for, 112 
service life of, 57, 474-477 
specifications for, 231-236 
Equities in accounting, 123 
Equivalent diameter, for fluid flow, 262- 
263 
for heat transfer, 321-322 
Equivalent pipe roughness, 259-260 
Equivalents, list of, 471-473 
Errors in replacement studies, 86-87 
Estimation, cost (see Cost estimation) 
Evaporation, scale formation in, 147 
Evaporators, cost of, 348-344 
optimum operating conditions for, 147— 
152 
Excise taxes, 48-44 
Expansion, friction due to, 262-264 
Explosive limits, 192 


Fabrication of equipment, 251-254 
Factors, safety, in equipment design, 237- 
238 
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Factory manufacturing costs, 11-13, 108- 
109 
Fanning equation, 259, 261 
Fans, cost of, 297 
Feasibility survey, 172 
Feed-tray location in distillation towers, 8 
Fifo method for materials accounting, 132 
Filters, basic design equations for, 426-428 
_batch, cost of, 437-438 
design methods for, 428-431 
choice of, factors in, 424 
continuous, air-suction rate for, 433-436 
cost of, 438 
design methods for, 431—436 
optimum operating conditions for, 152- 
153 
trickling, 207 
types of, 424-426 
Financing expenses, 12-13 
(See also Interest) 
Fire and explosion hazards, 189, 192 
Firm cost estimates, 91 
Firm process design, 171-174 
Fittings, cost of, 281—282 
friction due to, 262-264 
ratings for, 273 
symbols for, 272 
Fixed assets, 124 
Fixed-capital investment, 18-19 
Fixed charges, 12-13, 20 
references for, 117 
Fixed costs (see Fixed charges) 
Fixed-percentage method for determining 
depreciation, 61 
Flammable materials, explosive limits for, 
192 
Flexitrays, 396-397 
Float-valve trays, 396-397 
Flooding point, in bubble-cap towers, al- 
lowable vapor velocity at, 387-390 
in packed towers, 404 
allowable vapor velocity at, 408-413 
effect of pressure on, 410-411 
pressure drop at, 406-407 
Flow diagrams, combined detail, 179-181 
qualitative, 179-180 
quantitative, 179-180 
types of, 179 
Flow-measuring equipment, 298-300 
Foreign patents, 198-199 
Formal reports, definition of, 209-210 
Formaldehyde, production of, 4 
Fouling factors in heat exchangers, 313-314 
Free air, definition of, 292 
Friction, Fanning equation for, 259, 261 
losses due to, methods for evaluating, 
262-264 
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Friction factor, definition of, 259 
equation for, 261 
values of, 260 
Fuel oil, cost of, 112 
Functional depreciation, 55-56 
Future-worth factor, 34 


Galvanic action between metals, 245-246 

Galvanized pipe, cost of, 279 

Gas compressors, 294-296 

Gases, heat capacities of, 486 
natural and manufactured, cost of, 112 
thermal conductivities of, 485 
viscosities of, 478-479 

Gasket materials, properties of, 248-251 

General expenses, 11-13, 109 

Glass pipe, cost of, 279 

Governmental policies, effect of, on cost, 17 

Gradient, liquid, over bubble-cap trays, 375 

estimation of, 382-884 

Graphic panelboard, 187-188 

Graphs in reports, 217-218 

Grid packings, 400-401 

Gross earnings, cost for, 12-13, 25, 109 
definition of, 25 

“Guesstimation,” 8 


Hagen-Poiseuille law, 261n 
Hastelloy, composition and properties of, 
241, 243 
Haveg, properties of, 247 
Health and safety, 188-192 
Heat capacities, of gases, 486 
of liquids, 487 
Heat exchangers, baffles in, 336-338 
cleaning and maintenance of, 336 
cost of, 93, 341-344 
dirt factors in, 313-314 
fluid velocities in, 338 
general methods for design of, 360-361 
length of tubes in, 232, 333 
number of tubes in, 335 
optimum design of, 344-360 
simplified cases of, 357-360 
summary of general procedure for, 
353-354 
pressure drop, on shell side in, 328-329, 
332-333, 349 
inside tubes in, 327-331, 348-349 
selection of, 333 
shell-and-tube, 307 
specifications for, 233, 340-341 
thermal strains in, 334-336 
tube clearance in, 334 
tube data for, 492-493 
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Heat exchangers, tube size and pitch in, 
333-334 
use in, of steam, 340 
of water, 339-340 
Heat transfer, area for, mean, 314—315 
by conduction, 307-308 
by convection, 308-309 
mechanisms of, 307 
by radiation, 309-312 
temperature-difference driving force for, 
mean, 315-317 
unsteady state, 317-319 
Heat-transfer coefficients, accuracy of, 319 
for boiling liquids, 323 
definition of, 308 
equivalent diameter and hydraulic 
radius for, 321-322 
for film-type condensation, 323, 325 
for fluids, in pipes and tubes, 318-322, 
329-331 
simplified equations for, 321 
outside pipes and tubes, 322-325, 
332-333 
for fouling, dirt, or scale, 313-314 
for natural convection, 323-324 
order of magnitude of, 325 
over-all, definition of, 312-313 
design values for, 326-3827 
for radiation, 310-312 
Heat-transfer equipment (see Heat ex- 
changers) 
Heliare welding, 253-254 
Helices, Fenske, 399-400 
HETP, definition of, 368 
High-temperature wastes, 208 
Hold-harmless agreements, 50 
“‘Horse-back estimation,” 8 
Hydraulic efficiency, definition of, 287 
Hydraulic radius, for fluid flow, 262-263 
for heat transfer, 321-822 


Illustrations in reports, 218 
Income statement, 125-126 
Income-tax effects on source of capital, 
39-40 
Income taxes (see Taxes) 
Inconel, composition of, 244 
Incremental costs and optimum design, 
136 $ 
Indexes, cost, 104-107 
variation with time, 16-17 
Inflection point, test for, 138 
Informal reports, definition of, 209-212 
Infringements on patent rights, 199 
Installation of equipment, cost for, 94 
Instrumentation, cost of, 95-96 
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Instrumentation, for plant operation and 
control, 187-188 
Insulation, cost of, 94-95 
for pipe, 283 
optimum thickness of, 185-136, 170 
Insurance, 49-52 
cust of, 43, 49 
legal responsibility for, 49-50 
rates of, 20 
self, 51-52 
types of, 51-52 
Intalox saddles, physical properties of, 401 
Interest, on borrowed versus owned cap- 
ital, 37-38 
compound, definition of, 28-29 
cost due to, 27-42 
design engineering practice for, 40-41 
definition of, 24, 27 . 
simple, ordinary, and exact, 27-28 
types of, 27-29 
Interest-rate-of-return method for return 
on investment, 74n., 75n. 
Interest rates, on bonds, 39 
nominal and effective, 31-32 
Interferences in patent applications, 199 
Inventions, patentable, 198 
Inventory accounts, 130-131 
Inverted solubility, definition of, 147 
Investment comparison, 7 
by capitalized costs, 37 
Investments, alternative, 71-90 
as replacements, 84-90 
capital, 18-20, 91-107 
breakdown of, 92 
definition of, 91 
estimation of, 91-107 
methods for, 100-104 
fixed, 18-19 
total, 18-19 
working, definition of, 18-20 
relation to total capital investment 
19-20 
cost of, 27-42 
design engineering practice for, 40-41 
return on, 71-74 
acceptable, 75 
discounted-cash-flow method for, 
74n., 75n. 
incremental, 76-79 
interest-rate-of-return thethod for, 
74n., 75n. 
investor’s method for, 74n., 75n. 
with minimum profit as expense, 72 
present-value method for, 74n., 75n. 
profitability index for, 74n., 75n. 
use of total and fixed-capital invest- 
ment for, 81 
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Investor’s method for return on invest- 
ments, 74n., 75n. 
Iron, properties of, 239-240 


Jet pumps, 293-294 

Joint efficiencies for welds, 301 
Journal in accounting, 121, 127-128 
Junk value, 58 


Karbate, properties of, 247 


Labor, cost of, references for, 117 
direct supervisory and clerical, 21 
operating, 21 

Labor index, 104-107 

Labor requirements for process equip- 

ment, 112 

Land, cost of, 99 

Layout, plant, 185-186 

Lead as constructional material, 244 

Lead pipe, cost of, 279 

Ledgers in accounting, 122, 127-129 

Legal liability, 49 

Lessing rings, 400-401 

Liabilities, in accounting, 123 
assumed, 49 
current, 124 
for insurance, 49-50 

Lifo method for materials accounting, 132 

Liquid assets, 124 

Liquid gradient over bubble-cap trays, 375 
estimation of, 382-384 

Liquids, heat capacities of, 487 
specific gravities of, 488 
thermal conductivities of, 484 
viscosities of, 480-481 

Literature references in reports, 218-219 

Literature surveys, 174-177 

Loading point in packed towers, 404 
pressure drop at, 406 
vapor velocity at, 409 

Local taxes, magnitude of, 20 

Location, plant, 181-184 

Lot size, economic, 142-153 

Lucite, properties of, 247 


Maintenance, cost of, 22, 113 
and design engineer, 188 
references for, 118 
Manholes, cost of, 415 
Manufacturing costs, factory, 11-13, 108- 
109 
Market value, 59 
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Marshall and Stevens cost index, 105-106 

Mass transfer, theoretical stages and 
transfer units in, 367-369 

(See also specific designations) 

Materials of construction (see Construc- 

tional materials) 

Materials cost accounting, 130-132 

Materials cost index, 104-107 

Matheson formula, 62 

Maximum point, test for, 138 

Mechanical-energy balance (see Energy 

balance) 

Metals, electromotive series for, 246 
galvanic action between, 245-246 
properties of, 239-246 
relative cost of, 239 
relative fabricated cost of, 418 
stress values for, 301 
thermal conductivities of, 483 

Minimum payout period, 73 

Minimum point, test for, 138 

Mixers, propeller, cost of, 439 

Models for plant layout, 185-186 

Monel, composition of, 244 

Motors, electric, cost of, 297 

efficiency of, 290-291 
types of, 195-196 
Multiplication factors for estimating cap- 
ital investment, 100-102 
Multispeed motors, 196 
Murphree plate efficiency, definition of, 
391 





Natural convection, heat-transfer coeff- 
cients for, 323-324 

Nelson Refinery Construction Index, 105- 
106 

Net profit, definition of, 11, 13 

Net realizable value, 85-86 

Nickel as constructional material, 244 

Nitric acid, flow diagrams for, 179-180 

Nomenclature for use in reports, standard, 
220-224 

Nominal interest rate, 31-32 

Nonmetals, properties of, 245-251 

Nozzles, cost of, 415 


Obsolescence, 56 

Odor producers in water pollution, 208 
Operating costs, 143 

Operating labor, 21 

Operating supplies, cost of, 22 ; 
Operating time, effect of, on cost, 14-15 
Optimum conditions in cyclic operations, 
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grt design, basic principles of, 4-6, 
135 
comparison of graphical and analytical 
methods for, 142 
economic, 4—5 
general procedure for, 136-141 
of heat exchangers (see Heat exchangers) 
operation, 5-6 
role of incremental costs in, 136 
Optimum economic pipe diameter, 153-157 
(See also Pipe, sizing of) 
Optimum flow rate of cooling water in 
condenser, 157-160 
Optimum insulation thickness, 135-136, 
170 
Optimum operating conditions, for 
evaporators, 147-152 
for filters, 152-153 
tangential method for determining, 
149-150 
Optimum production rates, 142-153 
Optimum reflux ratio, 160-165 
Ordinary annuities, 33 
Organization of reports, 213-216 
Organization costs, 143 
Orifice, frictional loss due to, 262-264 
Orifice meters, design relationships for, 
298-299 
Over-all column efficiency, definition of, 
390 
estimation of, 392-396 
Oxygen-consuming materials in water 
pollution, 206 
Oxygen content of water, 206 


Packed towers, 398-399 
allowable velocity in, 408-413 
components of, cost of, 415-418 
flooding point in (see Flooding point) 
liquid distribution in, 402-403 
loading point in, 404, 406, 409 
pressure drop in, 403-408 
relative merits of plate and, 413-414 
Packings, cost of, 417 
tower, desirable characteristics of, 398- 
399 
physical properties of, 401-402 
types of, 399-400 
(See also Packed towers) 
Panelboards, graphic, 187-188 
Passivation of stainless steel, 241 
Patent rights, assignment of, 199 
cost of, 22 
Patents, 197-200 
shop rights on, 220 
Payout period, minimum, 73 
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Perforated-plate towers, 397 
Perforated-plate trays, cost of, 416 
Perpetuities, 35-36 
Personal pronouns in reports, use of, 227 
pH of water for pollution limits, 205 
Physical depreciation, 55-56 
Pilot plant, definition of, 3 
Pipe, cost of, 154-155, 278-280 
dimensions of, 494 
power requirements for flow in, 257-270 
safe working stresses for, 270 
schedule number for, definition of, 271 
sizing of, 274-278 
optimum economic, 153-157 
estimation of, equations for, 275— 
276 
nomographs for, 277 
velocities for, 274 
steel, economic velocities for, 274-275 
strength of, 271 
thermal expansion of, 273, 275 
Pipe diameter, nominal, 271-272 
optimum, 4-5, 153-157 
Pipe insulation, cost of, 283 
Pipe roughness, equivalent, 259-260 
Piping standards, 271-273 
Piping systems, color codes for, 273 
cost of, 95-96 
design of, 272-277 
Pitch of tubes in heat exchangers, 333— 
334 
Plant layout, 185-186 
Plant location, 181-184 
Plant operation and control, 187-192 
Plant-overhead costs, 12-13, 23 
Plant and process costs, references for, 
113-115 
Plant services, cost of, 96 
Plant site, selection of, 184 
Plate spacing, effect of, on plate effi- 
ciencies, 390 
Plate stability, 378 
Plexiglas, properties of, 247 
Point efficiency, definition of, 390 
Poiseuille’s law, 261n. 
Policies, company, effect of, on cost, 
15-16 
governmental, effect of, on cost, 17 
Pollution, air, land, and water, 202-208 
Polyethylene as constructional material, 
247 
Polyphase motors, 195-196 
Positive-displacement pumps, 288 
cost of, 296 
Post-mortem cost accounting, 129 
Power factor for estimating capital invest- 
ment, 100-101 
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Power requirements, for air compressors, 
295-296 
for pumping, 257-270 
Power supply and transmission, 193-196 
Practical considerations in design, 7 
Predesign cost estimation, 8, 91 
(See also Cost estimation) 
Preferred stock, dividend rates on, 39 
_return on, 75 
Preliminary design, 171-174 
Preparation of reports, 216-226 
Present value, of annuity, 34 
definition of, 32-33, 59 
Present-value method for investment. re- 
turn, 74n., 75n. 
Present-worth method for determining 
depreciation, 67 
Pressure drop, over bubble-cap trays, 
379-387 
in heat exchangers, estimation of, 327- 
333, 348-349 
in packed towers, 403-408 
Pressure efficiency, definition of, 287 
Pressure vessels, cost of, 300 
design of, 255 
design equations for, 301 
Principal, definition of, 27 
Process development, 173 
Processes, comparison of, 177-179 
Product cost, total, 12-14 
estimation of, 108-109 
Production costs, direct, 12-13, 21-22 
Production rates, optimum, 142-153 
Profit, annual, definition of, 72 
variations in, 73 
Profitability index, 74n., 75n. 
Propeller m xers, cost of, 439 
Property taxes, 43 
Proprietorship in accounting, 123 
Protruded packing, 399-400 
Pumping costs, 153 
Pumps, air-displacement, 284, 292-294 
acid eggs, 292 
barometric-leg, 284, 294 
centrifugal, 288-290 
advantages and disadvantages of, 
291-292 
brake horsepower for, 290-291 
characteristic curves for, 289-290 
efficiency of, 290 
operating characteristics of, theory 
for, 289 
choice of, factors in, 284 
cost of, 296 
jet, 293-294 
steam requirements for, 294 
power requirements for, 257-270 
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Pumps, reciprocating, 284-287 
advantages and disadvantages of, 287 
cost of, 296 
efficiencies for, 287 
rotary, 288, 296 
specifications for, 236 
types of, 283-284 


Radiation heat transfer, 309-312 
Radius, hydraulic, for fluid flow, 262 
for heat transfer, 321-322 
Raschig rings, 399-400 
cost of, 417 
physical properties of, 401 
Rate of production, effect of, on cost, 
14-15 
optimum, 142-153 
Rating an exchanger, meaning of, 360 
Ratio, capital, 103-104 
cash, 124 
current, 124 
reflux, optimum, 160-165 
turnover, 104 
Raw materials, cost of, 21, 108-109 
cost accounting for, 130-131 
Reciprocating pumps (see Pumps) 
References, for cost estimation, 113-119 
general, for design engineers, 174-177 
to literature in reports, 218-219 
Reflux ratio, optimum, 160-165 
Refrigeration, cost of, 112 
Regulation for electrical wiring, 194 
Rent, 20 
Repairs, cost of, 22, 113 
Replacement value, 59 
Replacements, 84-90 
Reports, abbreviations in, 225-226 
abstract of, 212, 215 
check list for, 229 
design, 209 
letter of transmittal, 212-214 
literature references in, 218-219 
organization of, 213-216 
preparation of, 216-226 
rhetoric for, 227-229 
common errors in, 228-229 
sample calculations in, 219 
standard nomenclature for, 220-224 
subheadings in, 216-217 
summary in, 212-215 
tables in, 216-217 
title page, 212-214 
types of, 209-212 
Research costs, 24 
Research and development expenses, 
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Reserve for depreciation, 124 
Return, on investments (see Investments) 
on stocks and bonds, 75 
tax, 48 
Reynolds number, equation for, 154 
Rhetoric in report writing, 227-229 
Risk earning rate, definition of, 72 
Rotameters, design relationships for, 
298-299 
Rotary pumps, 288 
cost of, 296 
Royalty rights, cost of, 22 
Rubber, synthetic, properties of, 246 


Safety in plant design and operation, 
188-192 

Safety factors in equipment design, 237- 
238 

Salts, inorganic, in water pollution, 205 

Salvage value, 58 

Sample calculations in reports, 219 

Saran, properties of, 247 

Scale formation in evaporation, 147 

Scaling factors in heat exchangers, 313-314 

Scaling up in equipment design, 236-237 

Schedule number for piping, definition of, 
271 

Scrap value, 58 

Self insurance, 51-52 

Selling costs, 24 

Series amount factor, 34 

Series present-value factor, 34 

Service facilities, cost of, 99 

Service life, 56-58 

for equipment, 57, 474-477 

Service-output method for determining 
depreciation, 60-61 

Services, plant, cost of, 97-99 

Shipping costs, references for, 118 

Shop rights on patents, 220 

Sieve trays, 397 

Silver as constructional material, 244 

Simple interest, 27—28 

ordinary and exact, 28 

Single-phase motors, 195-196 

Single-unit depreciation, 68 

Singular and plural in reports, use of, 227— 
228 

Sinking-fund method for determining 
depreciation, 34-35, 64-67 

Six-tenths-factor rule for equipment cost, 
93-94 

Skirt clearance, definition of, 370 

Slot liquid seal, definition of, 388 

Slot velocities in bubble caps, 372 

Smog and air pollution, 203 
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Social security taxes, 48 
Solder, composition of, 254 
Solids, specifie gravities of, 489 
thermal conductivities of, 483 
Solubility, inverted, definition of, 147 
Source of new capital, 38-40 
Spacing of bubble-cap trays, 376 
Specific air-suction cake resistance for 
filtration, 434 
Specific cake resistance for filtration, 427 
Specific gravities, of liquids, 488 
of solids, 489 
Specifications, for bubble-cap columns, 235 
for equipment, 231-236 
for heat exchangers, 233, 340-341 
for pumps, 236 
for tanks, 233 
Split infinitives i in report writing, use ae 
228 
Squirrel-cage motors, 195-196 
Stainless steel, applications of, 243 
fabrication of, 241 
numbering system for, 242n. 
passivation of, 241 
properties of, 240-243 
stress values for, 301 
types and composition of, 242 
Stainless-steel pipe costs, 280 
Stainless-steel tubing costs, 280 
Standard cost accounting, 129 
Static submergence for bubble-cap trays, 
377 
Steam, cost of, 112 
in heat-exchanger use, 340 
properties of, 490-491 
Steam-jet ejectors, 293-294 
Steel, numbering system for, 240n, 
properties of, 239-243 
stainless (see Stainless steel) 
stress values for, 301 
Steel pipe, black, cost of, 279 
dimensions of, 494 
economic velocities for, 274-275 
safe working stresses for, 270 
Stefan-Boltzmann constant, 309 
Stocks, preferred and common, as source 
of capital, 39-40 
return on, 75 
Storage equipment (see Tanks) 
Straight-line method for determining 
depreciation, 50-63 
Stress values for metals, 301 
Structural design, 196 
Subheadings in reports, 216-217 
Subrogation rights, 50 
Sulfur dioxide, optimum temperature for 
oxidation of, 6 
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Sum-of-the-years-digits method for de- 
termining depreciation, 60, 64 
Summary in reports, 212-215 
Superproduction costs, 143 
Supplies, operating, cost of, 22 
Symbols, for chemical engineering use, 
220-224 
for piping auxiliaries, 272 
Synchronous motors, 196 


Tables in reports, 216-217 
Tangential method for optimum condi- 
tions, 149-150 
Tanks, agitated, cost of, 439 
power requirements for, 301n, 
cost of, 300 
pressure, design equations for, 301 
specifications for, 234 
types of, 300 
Tantalum as constructional material, 244 
Taste producers in water pollution, 208 
Taxes, 438-49 
capital gains, 17, 48, 68 
excise, 43-44 
income, 44 
depreciation regulations for, 68-69 
excess profits, 46 
Federal, laws for, 25, 44-48 
normal, 46 
state, 44 
surtax, 46 
local, magnitude of, 20 
property, 43 
returns for, 48 
social security, 48 
Teflon, properties of, 247 
Temperature difference, critical, 323 
Temperature-difference driving force, 
mean, 315-317 
total, 312 
Tenses in reports, use of, 227 
Thermal conductivity, defining equation 
for, 308 
of liquids, 484 
of metals and nonmetallic solids, 483 
of water, 482 
Thermal diffusivity, 317 
Thermal expansion of pipe, 273, 275 
Thermal strains in heat exchangers, 334- 
336 
Title page for reports, 212-214 
Tolerance levels for toxic gases, 190-191 
Total capital investment, 18-19 
Toxic gases, tolerance levels for, 190-191 
Toxic materials in water pollution, 207- 
208 
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Transfer unit, basis of, 368 
Transmittal, letter of, in reports, 212-214 
Transportation facilities and plant loca- 
tion, 182 
Trickling filter, 207 
Tubing, heat-exchanger, list of data for, 
492-493 
specifications for, 272 
Tunnel caps, 370-371 
Turbogrid trays, 397 
cost of, 416 
Turnover ratio, 103-104 
Tygon, properties of, 247 


Unamortized value, 85-87 
Uniflux trays, 396 
Unit investment cost, 103 
Unit-of-production method for deter- 
mining depreciation, 60. 
Unsteady-state heat transfer, 317-319 
Useful life, 56 
Utilities, cost of, 21-22, 99 
references for, 117 
rates for, 112 
Utility requirements for processes, 111 


Value, book, 85-87 
junk or scrap, 58 


market, 59 

net realizable, 85-86 
present, 59 
replacement, 59 
salvage, 58 


unamortized, 85-87 
Valves, cost of, 281-282 

ratings for, 273 

symbols for, 272 
Variances in cost accounting, 129 
Variations in annual profits, 73 
Velocity, allowable, in bubble-cap towers, 

387-390 
in packed towers, 408-413 

through bubble-cap slots, 372 

economic, for steel pipe, 274-275 
Venturi, frictional loss due to, 262-264 
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Venturi meters, design relationships for, 
298-300 
Vintage-group accounts for depreciation, 
68 


Viscosities, of gases, 478-479 
of liquids, 480-481 
of water, 482 
Viscosity, effect of, on plate efficiencies, 
393-396 
Volumetric efficiency, definition of, 287 


Waste disposal, acid and alkali, 204 
by air and land, 203-204 
dissolved salts, 205 
high-temperature materials, 208 
methods for, 202-203 
oxygen-consuming materials, 206-207 
and plant location, 183 
suspended solids, 205-206 
taste-producing materials, 208 
toxic materials, 207-208 
by water, 204-208 
Waste products, recovery of, 203 
Waste treatment, 202—208 
Wastes, high-temperature, 208 
Water, cost of, 112 
density, viscosity, and thermal con- 
ductivity of, 482 
in heat-exchanger use, 339-340 
optimum flow rate of, in condenser, 
157-160 
oxygen content of, 206 
Water hammer, effects of, 275 
Water pollution, 204-208 
(See also specific designations) 
Weirs in mass-transfer equipment, 376- 
378 
Welding, joint efficiencies for, 301 
Welding processes, 253-254 
Welds, strength of, 253 
Wiring, electrical, 193-194 
Working capital, 11, 18-20, 92 
from balance sheet, 124 


Yard improvements, cost of, 98 
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